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A .  2. Dolginov 

THE COMETS IN SPACE 

The physics of comets  has  long been neglected in the development of 
astrophysics.  
mainly because of the possibility of using comet observations in the study 
of interplanetary space.  Let u s  recal l  that the existence of a so la r  wind 
and of interplanetary magnetic fields w a s  predicted f rom observations of 
comets,  and even the wind velocity was estimated. However, due to the 
lack of a quantitative theory of cometary atmospheres and some obscure 
problems in the physics of comets,  i t  has not been possible to descr ibe 
quantitatively the relationship between cometary activity and the s ta te  of 
interplanetary space.  The f i r s t  step towards such a description must  be 
the construction of a theory of comets in the normal  state under the average 
conditions of interplanetary space.  

It is only lately that these phenomena have roused interest ,  

PRINCIPAL CHARACTERISTICS O F  COMETS 

Comets may be defined as small  bodies of the solar  system, whose 
atmosphere is continuously renewed. 
more  than 2000 comets  have been observed for  500 of which the orbi ts  have 
been determined. 
groups - parabolic and elliptic. A number of hyperbolic orbi ts  have been 
observed, but there  is some evidence that these were originally parabolic 
and changed under the effect of planetary perturbations.  For this reason 
comets are considered members  of the solar  system. About 4 new comets  
a r e  discovered every y e a r .  Comets with an elliptic orbit  complete, on the 
average, several  hundred revolutions about the sun before losing a 
considerable amount of volatile substances; then they disintegrate into a 
s t r e a m  of meteors  scat tered over the orbit, which may fall to the Earth if the 
la t ter  intersects  this orbit .  

In the observation of comets the following s t ructural  formations are 
clear ly  distinguished: 1) a roughly spherical  luminous coma around a 
bright center,  forming the cometary head; 2 )  a long straight tail  composed 
of fi laments - tail of type I; 3)  a curved, wider tail ,  of type 11; 4 )  a 
strongly curved tail  of type I11 is sometimes observed. 
va ry  in s ize  within fair ly  broad l imits,  but the most typical dimensions are: 
head diameter  N 105km, tail  width also - lo5 km and length lo7- lo8 km. The 
comet becomes visible as a shining spot, sometimes with the rudiments of 
a tail,  when i t  approaches to a distance of 5 -  6 AU f rom the sun. 

Since the beginning of astronomy, 

Cometary orbi ts  have been found to fall into 2 distinct 

The p a r t s  of a comet 

.- 

It then 
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displays a continuous spectrum. 
in individual molecular l ines,  usually the CN l ines .  
NH2 l ines  appear,  then the Cz and COz l ines,  and a n  extended tail  develops. 
At r-1.5AU the l ines  of the radicals  OH, NH, CH, and of the ions CO', 
COz+, CH+, and OH+ appear.  
immediate vicinity of the sun, a t  r-lO-'AU, the l ines  of Mg, Fe, and Ni .  
It is worth noting that a l l thesemolecules  are secondary and can be produced 
only by the dissociation of cer ta in  p r imary  par t ic les .  
molecules, ions, o r  molecules of such high-melting substances as carbon 
cannot direct ly  evaporate f rom the surface of the solid cometary nucleus 
f rom which the atmosphere is produced. The blackbody temperature  a t  a 
distance - 1 AU f rom the sun is close to  room temperature ,  a t  which 
evaporation of carbon or ion formation do not occur .  As  shown in 111, the 
temperature  of ice under such conditions is about -70. It is possible that 
some chemical reactions take place near  the nucleus. The coma occupies 
an enormous volume, but i t  has  a low mean density. N e a r  the nucleus the 
density is about 10"- 10'3cm-3 and i t  dec reases  away f rom the nucleus f i r s t  
inversely to the square of the distance and then exponentially. 
itself has  never been observed directly, since i t  is surrounded by a bright 
envelope and is very small ,  jus t  a few tens of km in radius.  
the head v a r i e s  when observed in different spectral  l ines .  
that the var ious kinds of molecules have different distributions. 
them dissociate rapidly or are driven into the tail,  o thers  a r e  relatively 
long-lived and drift  into the tail more slowly. 
ionic spectrum while those of ' types I1 and I11 have a continuous one. 
ta i ls  of type I there a r e  apparently no neutral  molecules.  
molecules have not been detected in ta i ls  of types I1 and I11 either,  possibly 
because there  are few of them, or else because the molecular l ines a r e  
not visible against the more  intense continuous spectrum. 
tinuous spectrum of ta i ls  reproduces the so l a r  spectrum, including the 
absorption l ines of the solar  atmosphere,  i t  is normally assumed that these 
ta i ls  consist  mainly of dust par t ic les  reflecting sunlight. The curved shape 
of the ta i ls  a lso tends to indicate that they are made up of dust .  The 
t ra jector ies  of dust  par t ic les  moving under the effect of light p re s su re  lie 
exactly within the region occupied by ta i ls  of types I1 and 111, i f  allowance 
is made for  the motion of the dust source,  i .e . ,  the comet.  The deflection 
of the t ra jectory from the direction to the sun should va ry  according to the 
s ize  and density of the dust par t ic les .  
the s i ze  and density distribution of the par t ic les .  The acceleration of dust  
par t ic les  under the effect of light p r e s s u r e  exceeds by a factor of 2 - 3 the 
acceleration due to the sun ' s  gravitational attraction. 
corresponds to t ra jector ies  of dust par t ic les  with a density of -1 g per  cm3 
and s i z e s  of 
10- 100 t imes  higher than that due to the sun 's  gravity. This acceleration 
r e su l t s  apparently not from light p r e s s u r e  but f rom the magnetic field 
p r e s s u r e  of the solar  wind. 

At a distance of r- 3AU i t  s t a r t s  emitting 
At r- 2 AU the C, and 

At r-0.7AU the Na line shows up, and in  the 

The radical 

The nucleus 

The s ize  of 
This indicates 

Some of 

The ta i ls  of type I have a n  
In 

The l ines of these 

Since the con- 

The width of the tail  is determined by 

The shape of the ta i ls  

10-5cm. The acceleration of ions in ta i ls  of type I is 

THE NEUTRAL GASEOUS COMPONENT OF THE 
COMETARY HEAD 

The distribution function of neutral  gaseous molecules may be found f rom the 
kinetic equation 

aN 
7' 

4 



where t i s  the lifetime of the molecules transforming into other par t ic les  
by dissociation o r  ionization; g is the acceleration of the molecules under 
the effect of light p re s su re  and the sun ' s  gravitational attraction; S is the 
number of par t ic les  emitted by the source  per  unit t ime.  

significant (-100km) is much smal le r  than the head, we w i l l  consider i t  as 
a point source of molecules. 
dynamic velocity li of gas  emission f rom the immediate neighborhood of the 
nucleus, where collisions a r e  of fundamental importance, that this velocity 
is directed along the radius vector f rom the cometary nucleus, i .e. ,  ii = uF, 
and that the emitted par t ic les  have a Maxwellian velocity distribution in  the 
coordinate system moving with the velocity u .  
source in the form 

Since the region about the nucleus where particle collisions a r e  

We assume that there  exis ts  some hydro- 

We accordingly assume a 

S(Z,V,t) = W$'%(t)&) expC- . rN-  u a ' l ,  (2) 

where d = '&-'= (m/L'kT) is the thermal  velocity of the molecules in the 
neighborhood of the nucleus, and T is the gas  temperature in this region. 
G(t) is the total number of par t ic les  emitted with any velocity p e r  unit time 
interval a t  time t .  
the molecular distribution. 
here  only the basic r e su l t s .  
on the Mach number A=u/U;. 
outside the region of molecular collisions), we get for 

Substituting ( 2 )  into (1) and solving equation (l), we find 

The distribution function significantly depends 
In the near-nuclear regions (at 9 2 -  1, but 

The solution is derived in 121. We wi l l  consider 

1: 

and for &e 1: 

Thus, a t  smal l  distances f rom the nucleus, the hydrodynamic emission 
velocity tends to reduce the anisotropy in the density distribution and when 
JU* 1, the distribution is practically isotropic.  
nucleus, at  which .?dgz Y I 2  - M ( r - c o s S q  +(Ct&')'/Z( we get 

At large distances f rom the 

where 9 is the angle of the radius  vector of a molecule in the cometocentric 
coordinate system. 
f rom the sun, in the cometary orbit  plane. 
yu 1, the density of particles in the front periphery of the head dec reases  
exponentially. This density distribution is due to the action of the radiation 
p res su re  which drives the neutral  molecules into the tail .  In the case # a  1 
the density in the front of the head f i r s t  increases ,  and beyond a distance of 
2-2M2/d9 i t  s t a r t s  decreasing. In fact, i f  the hydrodynamic thrust  is strong, 
the par t ic les  accumulate in  the front of the head and cannot escape into the 
tail .  
interact.  
higher than in the back. 
Encke's and Ikeya- Seki's comets.  However, the distribution is usually 
drawn out backwards, which suggests that JU has  a low value. 

The value 3 = 0 corresponds to the direction away 
It is seen f rom (5) that when 

In the back of the head the hydrodynamic velocity and light p re s su re  
It is therefore possible that the density in  the front of the head is 

This has  in fact been observed in the case  of 

5 



The luminous flux in the frequency interval  AU which reaches  a 
t e r r e s t r i a l  observer  f rom the coma surface visible under a solid angle AR 
a t  the t ime t, and incident upon a unit a r e a  of a detector a t  right angles 
to the line of sight, is given by - 

.I(t> = B,lt)Jdz#JdQN(% -%,t ) ,  (6) 
0 a P  

BY (t) = y h v  n, 6” (% cy), ( 7 )  

where n, is the number of so la r  quanta of frequency v per  unit frequency 
interval  and unit volume of the par t  under observation; 
section of a molecule for  reemiss ion  of a quantum of frequency \I per  unit 
solid angle a t  the angles 9, 9 to the incident radiation; c is the speed of 
light; h. is Planck’s constant; 
t e r r e s t r i a l  observer  and the cometary nucleus; 
the observed point of the coma; f = 7, - F A .  

into (6) and integrating, is given in / 2 / .  
observed for  the comets  listed in the table with those theoretically calculated 
from (3 ) -  (6 )  shows a fairly good agreement .  
character iz ing the near  nuclear region and corresponding to the theoretical 
isophots. 

fv($, (9) is the c r o s s  

7 , is  the radius  vector between the 
%,is the radius  vector to 

The explicit form of L(t), which is easi ly  obtained by substituting ( 3 ) -  (5) 
Comparison of the isophots 

Thetablegives  the parameters  

Values of the parameters characterizing the near-nuclear region and corresponding to 
the theoretical isophots 

Comet 

1955 g 
0.93 A U  

c2 
1956h 
0.64 A U  

C2 
1959 k 
1.055 A U  

c2 
1951 1 
1.2 AU 
CN 
1956 h 
0.64 A U  
CN 

v,  cm/sec 

1 o5 

9.6. lo4 

8.1. 104 

1.2. io5  

1.36. 105 

- 

T, deg. K 

1.7.10s 

1.6. l o 3  

1.1 . i o 3  

2.5. i o 3  

3.15. 103 

8, cm/sec2 

0.395 

0.844 

0.308 

0.365 

1.28 

-1 z, sec 

1.35 * 1 0  

1.48. io5 

2.105 

T. = 1.8. 
= 1.26. i o 5  

It is worth noting that the lifetime of the molecules as calculated f rom 
the observed isophots is different for  the front and back of the head. 
can be explained by the fact that the ultraviolet solar  radiation, which is 
responsible for dissociation and ionization, is strongly absorbed by the 
molecules and dust par t ic les  in the coma. 
Arend-Roland comet (1956h) shows that the molecular lifetime in this comet 
var ies  with the angle between the radius  vector of the molecule in the 
cometocentric system and the direction to the sun. In order  to evaluate the 

This 

Analysis of the isophots of the 

6 
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optical thickness of the coma, le t  u s  compare the lifetime of the Cz molecule 
in the comet 1956h with the lifetime of Cz in the comet 1959k. If both comets  
were optically thin, the rat io  between the lifetimes would be equal to the 
ratio between the squares  of the distances to the sun, i .e. ,  0.36 in the 
present case.  In actual fact the ratio is  equalto 20 (see table). The intensityof 
the solar  ultraviolet radiation is exponentially attenuated by absorption in the 
coma, therefore when we take the logarithms of the lifetime ratios,, 
we get xl-xz= 3 and X L - X ~ =  1.6, where XI, XZ, and x3 a r e  the optical thick- 
nesses  of the comets 1956h, 1959k, and 19511, respectively.  The lifetime 
rat io  for the Cz molecules in the comets 1955g and 1959k is proportional to 
the ratio between the squares  of their distances f rom the sun. 
apparently have optically thin comas, and therefore x~ << 1; then x1 = 3 and 
x3 = 1.84 for the total optical thickness over the head d iameter  along the 
direction to the sun. Let u s  note that the optical thickness in the ultraviolet 
spectrum does not necessar i ly  have to be the same as the optical thickness 
in the visible range. This is obvious for molecules, in which the number 
of levels and the width vary  in the different spectral  ranges.  
be the case  for  dust par t ic les .  
off sharply at  the long-wave ultraviolet and short  -wave visible radiation, the 
ultraviolet wi l l  be mainly absorbed and the visible light will be defracted 
and scat tered.  Also, i f  their  temperature is very  low, cometary dust 
par t ic les  a r e  apt not to absorb  visible light quanta while s t i l l  being able to 
absorb ultraviolet quanta. 
evaluate the number of molecules leaving the source pe r  unit t ime.  
Arend-Roland comet we obtain loz9-  lo3' mol/sec .  

p r imary ,  i .e ., cannot evaporate directly f rom the nucleus. Nevertheless,  
the observed distribution of these molecules indicates that they must be 
formed near  the nucleus, in the region where the number of collisions is 
high. It is possible that they a r e  produced by chemical react ions.  

These comets  

Such may a l so  
If the s ize  distribution of dust  par t ic les  cuts 

Given the optical thickness, it i s  possible to 
F o r  the 

We mentioned before that apparently the molecules observed cannot be 

THE DUST COMPONENT O F  THE 
COMETARY ATMOSPHERE 

The most widespread hypothesis on the origin of the dust component of 
the coma i s  that of Whipple 131. The assumption is that the cometary 
nucleus consists of a conglomerate of volatile ices  of substances such as 
methane, ammonia, etc., including more  or l e s s  uniformly embedded 
grains  of higher -melting substances, fo r  example, carbon, iron, etc.  
When the i ce s  evaporate, the gas s t r eam entrains  and acce le ra t e s  the grains,  
a f t e r  which they a r e  driven by light p re s su re  into tails  of types I1 and 111. 
This hypothesis makes i t  difficult to explain the hazy dust envelopes around 
the nucleus, which expand at  a r a t e  of - 1 km per  sec.  ' The shining haze may 
enhance fo r  a short  time the brightness of the comet by a factor of 1000. 
The energy required to eject  the envelope is very  high (of the o rde r  of 
10"ergs). This cannot be easily attributed to an increased evaporation r a t e .  

We postulated /4/  another origin f o r  the dust component - the appearance 
and growth of grains  on the surface and in the neighborhood of the nucleus. 
The point is that some cometary gases ,  including such abundant ones as CZ, 
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a r e  highly supersaturated and may coalesce into grains  if there  a r e  enough 
condensation centers  and a sufficient number of collisions to enable the 
cen te r s  to grow to grain s ize .  
melting substances contained in the nucleus (as solid solutions or in  some 
other fo rm)  do not evaporate a t  the same ra t e  but sett le in the fo rm of a 
porous crust  111. 
may ac t  as condensation cen te r s .  The condensation involves, of course,  
not the p r imary  evaporated gases,  but the secondary ones formed near  the 
nucleus, such as Cz. Another source of condensation centers  a r e  ions. A 
relatively insignificant number of centers  is sufficient to produce the 
observed amount of dust, since the number of molecules is l o8 -  10" t imes  
g rea t e r  thanthat ofgrains.  Suchanumber of centers  i s  easily formed in the 
vicinity of the nucleus. If the bulk of p r imary  particles goes into the fo rma-  
tion of secondary particles (e.g., Cz), with which we a r e  concerned, and if  
the source of pr imary  par t ic les  is the nucleus surface,  the concentration of 
secondary par t ic les  is given by 

When the volatile gases  evaporate, the high- 

This c r u s t  may be disrupted by the gas and i t s  par t ic les  

where Q i s thenumber  of pr imary  par t ic les  produced per  unit time; 
velocity of the particles;  
of the nucleus; 
point. 

v i s  the 
t i s  the lifetime of the particles;  R i s  the radius  

2 is the distance between the nucleus center and the given 

The growth of the grains  is described by the equation 

where d is the number of a toms per  unit volume of grain material;  G is the 
total number of atoms in a grain; 9 is the grain radius;  
sublimation; e - [ T - T , )  T,-'is the degree of vapor supersaturation; T is the 
vapor temperature;  
probability of vapor molecules adhering to a grain and which is taken close 
to 1. 

(q/k)- 8 -  lo4.  
grain is very  smal l  a t  the given values of Q ,  9 and 
Taking into account that d z  - v d t ,  we obtain f rom (9 )  the following equation 
fo r  the growth of the grain radius with distance f rom the nucleus: 

9 is the heat of 

T, is the vapor saturation temperature;  'j is the 

For carbon in the vicinity of the nucleus T < 1000"K, Ts- 2500°K 

The exponent (- f i )  defining the r a t e  of evaporation of a 

and may be omitted. 

which has  the solution 

For a fu r the r  determination we must know the l ifetime of the p r imary  
par t ic les  and the grain density. 
p10.5, Q? 10 
p- 

Putting &fir 1 .2 .  10-23cm-5 (graphite ), 
30 5 part ic les /sec,  U E  10 cm/sec  and T -  lO-lOOsec, we get 

10-5cm,  which ag rees  with the observed grain s ize .  
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The amount of dust  in the cometary atmosphere may increase as a 
r e su l t  of: a )  a layer  of the nucleus becoming exposed and evaporating a 
l a rge  number of condensible parent molecules, o r  b )  an intensification of 
the hard electromagnetic o r  corpuscular  emission of the sun, which r a i s e s  
the efficiency of the chemical react ions yielding condensible products.  
hard radiations may have a controlling effect on the reaction rate ,  even 
though they make up a sma l l  pa r t  of the total so l a r  radiation. 

Accordingly, a correlation may be expected between the brightness of a 
comet and so la r  activity. 
instance, the brightness of the head of Halley's comet and the appearance 
of a halo in i t  has  been closely correlated with so l a r  activity. The strong 
and abrupt g l a re s  associated with the formation of dust  halos can be 
attributed to an enhanced condensation caused by the above -mentioned 
factors .  
require  the supply of energy, on the contrary,  i t  r e l eases  energy. The 
change in chemical composition coupled with the increase of condensible 
mat ter  manifests itself a s  a change in brightness,  even if  the amount of 
ma t t e r  evaporating pe r  unit t ime f rom a unit surface of the nucleus r ema ins  
constant. 

of the path followed by dust grains  under the effect of light p r e s s u r e .  
ta i ls  sometimes show luminous condensations which look l ike c lus t e r s  of 
grains  simultaneously emitted from the nucleus (synchrones).  
suggests that grains  a r e  ejected f rom the vicinity of the nucleus in su rges .  
Sometimes several  synchrones occur in a s e r i e s  a t  roughly regular  intervals 
This might resul t  f rom rotation of the nucleus and nonuniformities in i t s  
surface composition. When the side with a higher concentration of dust-  
producing mater ia l  faces  the sun, the ejection may become stronger .  
may r ecu r  several  t imes,  af ter  each period of rotation of the nucleus, 
until the surface layer  involved is depleted. 

Some inforination may 
be obtained from measurements  of the polarization of light. 
existing analyses of the polarization / 6 /  a r e  based on the assumption that 
the grains  are randomly oriented, which is apparently incorrect .  
been shown / 7 /  that the cometary dust grains  are brought into rotation by 
the so l a r  wind, with their  rotational axis  perpendicular to the wind d i r ec -  
tion. 
impacts  on ei ther  side of the center  of gravity of each grain.  
mean-square number of excess  protons falling on one side of the center of 
gravity v a r i e s  proportionally to the square root of the t ime. 
angular momentum acquired by a grain in t ime t is, therefore,  

The 

An increase in the dust content raises the brightness of the comet.  

Such a correlat ion is in fact  observed 1 5 1 .  For 

A s  any other condensation, the formation of a halo does not 

As  has  been noted, the shape of tails  of types I1 and 111 is character is t ic  
The 

This 

rh i s  

W e  have no direct  data on the dust composition. 
However, 

It has  

This  alignment r e su l t s  from fluctuations in the number of proton 
The root-  

The mean 

where m is the proton mass ;  V p i s  the proton velocity; p is the mean impact 
pa rame te r ;  W , i s  the mean number of protons hitting the grain pe r  unit t ime.  

A = y B  along the third axis .  
rotation about the axis  If the 
grain is elongated ( y  > l), the component of angular momentum about the 
short  axis  is the largest ,  since i t  is associated with the l a rges t  mean 

Consider a homogeneous grain of dimensions B = C along two axes  and 
The motion of such a grain consis ts  qf a 

and a precession about the' direction m. 
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impact pa rame te r  pA = yB/4. 
direction of the momentum is given by the usual  equations of motion of a 
symmetr ic  top : 

The angle between the axis  B and the 

The rotational velocity about the axis  -A and the precessional velocity about 
are given by 

For  B r  lO-‘cm, P z 5 . 1 0 - 5 c m ,  y = l ,  d \ = l g . ~ n i - ~ ,  g i v e n a m e a n  
proton flux yp- 2 .  lO8cm2sec-‘ and wr=Jpsx2 ,  we get W A =  1 L ) p r - a  r a d i a n ’  sec-l. 
Thus, a dust grain a t  a solar  distance of 1AU should acquire in the course 
of a day an angular velocity -200- 300 r ad ian .  sec-’, i t s  niomentuni being 
perpendicular to the sun‘s  direction. 

gas  molecules of the cometary atmosphere.  The molecules in the tail move 
essentially in the same  direction as the solar  wind, but they may have a t  the 
same  time a t r ansve r se  momentum of the o rde r  of Pi , /< , ,  of the longitudinal 
component, where e, and e,, a r e  respectively the t r ansve r se  and longitudinal 
dimensions of the tail.  
-1 AUthe solar  protons also have a t r ansve r se  velocity component of about 
0.1 their  longitudinal velocity. 
effect on the alignment of angular momenta, though both the molecules and 
protons basically impar t  to the grains  an oriented momentum. 
resultant angular momentum distribution function of the grains  is given by 

The dust grains  collide not only with solar-wind protons but a lso with 

According to rocket observations, a t  a distance 

The t r ansve r se  impulses have a disordering 

The 

where Mf = M:+M;, and M:-M;, i f  the t axis  is directed to the sun. The 
quantities 3. and 8, play the par t  of diffusion coefficients in angular 
momentum space and a r e  respectively paral le l  and perpendicular to t. 
They a r e  easily determined by taking into account that the mean values 
<M:>=2BLt, <Mc>=O,  4 M:> =ps , , t ,  and by using expression (12) for  both 
proton and molecular collisions. 

We do not consider he re  any other momentum-disordering effects, since 
they a r e  unimportant. A significant fact is that the direction of the radius 
vector to the sun changes in the cometocentric system during the orbital  
motion of the comet.  This r e s t r i c t s  the time t i n  equation (15) over  which 
an oriented angular momentum can be acquired. Since according to (13)  
the direction of the momentum is related to the direction of the grain axes,  
the orientation of the momentum imposes a res t r ic t ion upon the possible 
orientations of the grains .  For instance, the allowable planes of rotation 
f o r  very thin grains  a r e  the meridian planes of a sphere with i ts  axis 
along P . 
axis,  while other orientations are permissible  only for some of the 
par t ic les .  The optical thickness is therefore highest along 2 .  The optical 
anisotropy of the dust medium produces a polarization and angular d i s t r i -  
bution of the scattered light, and this has  to be taken into account in the 
analysis of the observation resul ts .  

Any of the rotating par t ic les  can a t  some time be aligned with this 



THE COMETARY PLASMA 

Besides the spectrum of neutral  gas  and dust, the cometary head a l so  
exhibits an ionic spectrum. 
observable only near  the nucleus, but i n  Comet Morehouse i t  was visible 
throughout the head. 
observed in the CG+ l ines  was not obstructed by the emission of CN and 
CZ molecules and dust because of their  low content. 
the development of COf emission could be clear ly  seen. It appeared on the 
sunward side, spread out and formed a shell  which then contracted towards 
the nucleus and s tar ted collapsing. I ts  end on the far side of the nucleus 
extended into thin s t r e a m e r s  (500- l000km thick a t  the base )  which con- 
verged towards the type-I tail  axis  like the r ib s  of a n  umbrella.  
s t r e a m e r s  w e r e  not quite straight,  but slightly wavy. Sometimes they 
were twisted around the tail  axis .  The axes  of type-I t a i l s  a r e  usually 
perfectly straight.  
by a s  much as 10" from the sun ' s  direction. The deflection is most  
commonly in a retrograde direction, but occasionally is towards the d i r ec  - 
tion of orbital  motion. 
slightly about the sun ' s  direction. The s t ructure  of the tails ,  and par t icu-  
lar ly  the ion acceleration, which exceeds by a factor of 100- 1000 the 
acceleration due to the sun ' s  gravitational attraction a t  a distance of 1 AU 
(0.5cm sec-'), cannot be attributed to  light p re s su re .  
be explained only by the interaction of the cometary ions with the solar  
wind. and i t s  magnetic field. Specifically, the fact that a type-I tail  has  been 
observed in Comet Humason a t  a distance - 5AU indicates that the solar  
wind penetrates to such distances.  W e  may note that the tail in Honda's 
comet displayed a most unusual behavior: i t  developed an $2-shaped kink 
in  i t s  middle, covering about one-third of the tail,  which l a t e r  disappeared. 
This phenomenon can hardly be explained without taking into consideration 
the interaction of cometary plasma with the interplanetary magnetic field. 

them assume the formation of a shock wave on the plasma boundary and 
deduce that the appearance of the head in  the ionic l ines is determined by 
the shape of the wave. 
interpenetration of two plasma beams (the cometary ions and the solar  
protons).  Some others  draw an analogy between the tail of the E a r t h ' s  
magnetosphere and the cometary tail,  etc.  
detail,  but only give o u r  view on the coupling mechanism between the 
cometary plasma and the so l a r  wind. 

Let u s  note f i r s t  that the interplanetary magnetic field cannot penetrate 
into the comet.  Its surface 
becomes polarized by the electr ical  fields ar is ing from the moving magnetic 
fields of the so l a r  wind, and i t  should separate  the interplanetary field 
l ines,  which can couple with i t  only to the extent that i t s  conductivity is not 
ideal.  It therefore s e e m s  incorrect  to a s s e r t ,  a s  has  been done many 
times,  that the interplanetary field extends over a type -I tai l  throughout i t s  
length. On i t s  own the existence of a radial  magnetic field in the ionic 
ta i l  is not inconsistent with observations (though i t  does not follow from 
them), since such a field does not affect the ion motion along the tail .  
ever ,  this field cannot pas s  over smoothly into the interplanetary field. 

The ionic spectrum of the head is usually 

This may be due to the fact  that the s t rong emission 

In Comet Morehouse 

The 

In some c a s e s  they may be deflected, without curving, 

The axis  of type-I ta i ls  sometimes osci l la tes  

This can apparently 

The behavior of type-I ta i ls  has  been studied by many authors.  Some of 

Others  consider the development of instability in the 

We will not discuss  a l l  these in 

The highly conducting plasma is diamagnetic. 

How- 
In 
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an interplanetary field of H - 5 
of - 100 km a t  a velocity of -1 km/sec .  
incapable of moving a c r o s s  the field, and af ter  forming in the field they 
must  be immediately trapped and driven into the tail  with the velocity of the 
so l a r  wind. The fact  that the ions do not acqliire this velocity f rom the 
s tar t ,  but only gradually approach i t  during their  motion in the tail,  proves 
directly that the interplanetary field does not penetrate  into the comet. 
Moreover,  s o l a r  protons with an energy of - 1 keV are not prevented f r o m  
penetrating into the comet, since their  L a r m o r  radius  is -40,000 km outside 
the comet,  and apparently even l a rge r  inside.  The so la r  wind is usually 
not uniform, but may be described as “gusty.” The f a s t e r  j e t s  overtake the 
slower ones and interact  magnetically with them. As  a resul t  var ious 
oscil lation modes build up. Interaction with the cometary plasma only 
fu r the r  re inforces  the oscillations. 
magnetic field traveling with the velocity of the so l a r  wind. This field 
apparently causes  the acceleration of the ions.  

simultaneous solution of the kinetic equation defining the distribution function 
of the ions in a self-consistent magnetic field (produced both by the 
cometary ions and the so l a r  wind) and of Maxwell’s equation defining the 
field.  The boundary conditions a r e  defined by the character is t ics  of the 
interplanetary medium. Unfortunately, this problem is mathematically too 
involved. A s impler  one may be solved, however. What assumptions have 
to be made concerning the random magnetic field in the comet in o rde r  to 
explain the observed behavior of type-I t a i l s ?  
question, i t  is sufficient to solve the kinetic equation for ions in such a 
field. 
random magnetic field traveling with a velocity ti  was derived by the author 
and I . N .  Toptygin 181.  In the case  when the L a r m o r  radius  of the par t ic les  
is much l a r g e r  than the inhomogeneity scale ,  the equation has  the form 

oersted the ions have a L a r m o r  radius  
This means that they are practically 

This generates  in the comet a random 

In o r d e r  to descr ibe the behavior of the cometary plasma w e  need the 

In o r d e r  to answer this 

An equation for  the distribution function of charged par t ic les  in a 

where F =  F(5,P.t) is the distribution function of the ions with momentum p a t  
the point 5 a t  the instant t ; H2> is the mean-square random field in the 
comet; L is the character is t ic  scale of field inhomogeneities; a is the 
velocity of motion of the inhomogeneity, approximately equal t o  the wind 
velocity. 

The spectral  function defining the field density pe r  unit frequency interval, 
is taken in the fo rm (d3 c U’> L, 16 u) e x p  [- a ‘ L C  /2 ~ 7 . .  The ions originate in 
the near  -nuclear region, which is f a r  sma l l e r  than the tail .  
f o r e  take Q = G(u)d’(f) ,  where G(u) defines the velocity distribution of the ions 
a t  the instant of formation. 
than the wind velocity K virtually through out the tail,  we can expand the 
right-hand side of (16)  in powers of u/u and discard the sma l l  t e r m s .  
Further ,  l e t  u s  resolve the ion velocity v,-& +Wn, into a component w =vd nL 
paral le l  to the so l a r  -wind velocity u, = U Q ,  and S, perpendicular to i t ,  
i.e., S,RL=O. 

Equation (16)  is based on a Gaussian s ize  distribution of inhomogeneities. 

We can there  - 

Since the ion velocity is appreciably sma l l e r  

After some simple transpositions, equation ( 1 6 )  then a s sumes  
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the fo rm 

where SA a r e  the components of the radius  vector P f rom the cometary 
nucleus; 
the observed ion acceleration can  be attributed to the disorder ly  magnetic 
fields ca r r i ed  by the solar  wind. 
assumed fo r  L. and < U'>. It is known that par t ic les  are most  strongly 
scat tered by magnetic inhomogeneities comparable to their  L a r m o r  radius  
o r  slightly smaller ,  even if there  a r e  inhomogeneities of other s i zes .  
Thus, if  w e  s e t  Le- lOOkni fo r  a field of - 10-50ersted,  we select  the most  
effective inhomogeneities. 
10"cm the ions may reach a longitudinal velocity of -lOOkm/sec.  

ti2= sa/u2and ~ W / U .  F r o m  an analysis  of (17) w e  found /9/  that 

However, sonie values have to be 

It then follows f rom (17) that a t  a distance of 

CONCLUSION 

According to the foregoing, the theory of cometary phenomena is f a r  
f rom complete, even for the case  of a quiescent interplanetary medium. 
A number of advances have nevertheless been made. 
theoretical  investigations, fur ther  developments require  observational data, 
which a r e  difficult or even impossible to derive f rom the existing mater ia l .  
What is required is: 1) the study of the molecular and atomic emission 
spec t r a  of all appearing comets,  in o rde r  to find the spatial  distribution of 
the various kinds of par t ic les  and determine the level populations; 
2 )  analysis of the spectral  l ines in o r d e r  to obtain the par t ic le  velocity 
distribution a s  well a s  information on collisons, magnetic fields, etc.; 
3 )  study of the polarization in the different l ines  and in the continuous 
spectrum in o rde r  to ascer ta in  the internal magnetic field and to establish 
the nature of the dust grains;  4 )  simulation of cometary phenomena both 
under laboratory and space conditions. 
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E. A .  Kaimakov and V .  I .  Sharkov 

LABORATORY SIMULATION OF 
COMETARY PHENOMENA 

There a r e  several  hypotheses concerning the s t ructure  and composition 
of cometary nuclei / 1 , 2 , 3 /  which explain to varying extents the observed 
processes  in comets.  
hypothesis, which has  become classical .  According to this hyp.othesis, 
cometary nuclei are conglomerates of rocky par t ic les  and i ces  of various 
kinds. Solar radiation causes  sublimation of the i ce s .  The s t r e a m  of 
sublimation products d rags  along solid particles,  which leave the nucleus 
and form the dust component of the cometary atmosphere.  

The solar  wind and electromagnetic radiation interact  with the gaseous 
cometary atmosphere,  producing ionization and photodissociation of parent 
molecules. 
consist  of HzO, COz, CHI, NH3, C2H2, etc. ,  in the solid phase. However, 
the recent laboratory investigations of Potter and Del Duca / 4 /  reduce the 
range of possible parent substances yielding cometary radicals .  
evaluation of the lifetime of elements forming CN, CH, and Cz,  showed that 
most  of them have a lifetime of more  than 10 hours  a t  a solar  distance of 
1 AU, whereas in o rde r  to account for the observation data i t  should be one 
o rde r  of magnitude sma l l e r .  Accordingly, pure i ce s  and their  mixtures 
(mechanical) a r e  probably not parent substances for  the CN, Cz, and CH 
groups, and other l e s s  stable substances have to be found. 

An interesting experiment bearing on the origin of cometary i ce s  w a s  
performed by Berger  (at General  Dynamics, 1967) .  Be rge r  bombarded 
with cyclotron protons a frozen mixture of HzO, CH4, and Hz a t  -230°C. 
A chemical analysis of the reaction products revealed t r aces  of u rea  
(CO(NHz)z), acetic acid (CH3COOH), and acetone (CHsCOCH3). 
experiments show that some fair ly  complex compounds may f o r m  in 
cometary nuclei during their  evolution. 

is that of Danielson and Kacai 151. 
acceleration mechanisms of molecules in cometary a tmospheres  by means 
of the interaction of COz ice with hydrogen plasma. It was  found that the 
par t ic les  in the coma and tail  of the "comet" consist  p r imar i ly  of heavy 
molecular COzf ions and that they are accelerated by the p lasma s t r eam 
up to velocities of N 105cm/sec ,  which is 10% of the p lasma flow velocity. 
Such laboratory experiments on the simulation of cometary phenomena a r e  
of scientific interest ,  since the direct  study of r e a l  comets  p re sen t s  
considerable difficulties. 

Currently many cometologists subscribe to Whipple's 

The spectra  of comets show that the cometary  nuclei might 

An 

These 

Another experiment on the laboratory simulation of cometary  phenomena 
They studied the ionization and 
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The A. F. Ioffe Leningrad Physico-Technical Institute of the USSR 
Academy of Sciences has  been conducting fo r  some y e a r s  systematic  
studies on the behavior of low-temperature ices  of H@ and aqueous 
electrolyte solutions under vacuum. 
with pure water  ice,  of which many propert ies  have been wel l  studied 1 6 1 .  

t ray  inside a vacuum chamber (pressure  
were cooled by liquid nitrogen. 
heating element (electrical)  supplying energy to the ice and severa l  
copper -constantan thermocouples for  recording the temperature  a t  
different points of the ice.  The ice t ray  w a s  suspended in the chamber on 
a spr ing balance for  measuring the change in the weight of the ice  sample 
during sublimation under vacuum. 

The f i r s t  investigations were made 

A sample of ice prepared from distilled water  was placed in a special 
Hg) whose walls 

Within the ice  were inser ted a miniature 

F rom the sublimation experiments we determined the following: 
1 .  The variation of the equilibrium temperature  T of the ice with the 

specific power input Ws,(W/cm2) to i t s  surface (Figure 1). The equilibrium 
temperature  is the ice sur face  temperature  a t  which the energy input goes 
only to the sublimation of molecules.  If we take for the albedo of water ice 
A = 0.7, we can find f rom curve 1 the temperature  that a cometary nucleus 
of HzO would have a t  various distances f rom the sun, assuming that the 
nucleus is not screened by the cometary atmosphere.  
a t  r = 1 AU the nucleus temperature  would be -75”. 

Thus, for  example, 

- w  401 . . . . . . . . . 
0 0.1 0.2 0.3 0.4 w/cm2 

FIGURE 1. 
specific power input. 

Temperature of H 2 0  ice as a function of the 

2. The ice consumption I a t  different temperatures  (Figure 2) .  The 
dashed curve in the figure i s  plotted from the kinetic-theory equation 

J’=dP.&’ (1) 
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where P is the saturated vapor p re s su re  a t  temperature  T; M is the 
molecular weight of the substance; R is the gas  constant; a is Langmuir 's  
constant of condensation. 

T 

P 

T 
-80 -70 -60 -50 -40 *C 

[-IG['RE 2. Ice concuinption at  different FIGURE 3 .  Pressure of the products of sub- 
te i i ipc ratu rcs : 

1 - rhlwrctical curve; 2 - experimental curve. 

limation of H,O ice as a function of the 
temperature : 

1 - theoretical curve; 2 - experimental 
curve. 

The agreement of the experimental  and calculated cu rves  a t  low t em-  
pe ra tu res  indicates that in the experiments the sublimation products are 
efficiently rcriioved from the ice surface ((z = 1). 

3 .  'The heat of sublimation, i .e . ,  the separation energy of a molecule 
on the ice  surface plus i t s  kinetic energy. 
-60 to -90' the sublimation energy equals 670 f 20  ca l /g .  

light bean]. W e  used as light source a superhigh-pressure mercury-vapor  
lanip, whosoe spectral  composition in the wavelength range between 2300 
and 10,000A is close to that of sunlight. A light beam of known power was 
shined on the ice  surface,  and the consumption of ice was measured in the 
temperature  range f rom -55 to -60". 
calculated by taking the ice  albedo equal to 0.7. 
performed with light agreed within the measurement  e r r o r  with those 
obtained by heating. 

temperature  range f rom -75 to -33". 
with a sensitivity of 4.4 grad/mg was used. 
of H20 molecules are plotted in Figure 3. 
calculation. 

In the temperature  range f rom 

We stutlied the sublimation of E 1 2 0  ice  in a vacuum under the effect of a 

The absorbed light power was 
The r e su l t s  of experiments  

We measured the p re s su re  of the sublimation products of water ice in the 
For this  purpose a torsion balance 

The values found fo r  the th rus t  
The dashed curve was obtained by 
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The p res su re  of the sublimation products may be calculated froni 

where I is the r a t e  of discharge,  given by equation (1); v, is the mean 
velocity of molecules escaping in the given direction, 

where m is the molecule mass ;  k is Boltzmann's constant; and T is the 
ice temperature  (in the calculations a was taken equal to 1). 

indicates that the angular distribution of molecules sat isf ies  the cosine 
emission law, since equation ( 3 )  w a s  derived on that assumption. The 
divergence of the cu rves  above -50" is due to  a "greenhouse effect" - an 
atmosphere of HzO f o r m s  over  the ice  surface,  in which the molecules 
undergo mutual collisions. 
and this r educes thene t  increase of the thrust  with the ice  temperature .  
It should be noted that all the experiments were made on ice  samples  whose 
s ize  did not exceed the molecular mean f r e e  path. 

experiments with frozen aqueous solutions of electrolytes.  
the behavior of such sys t ems  under high vacuum a t  low temperatures  is of 
interest  both in solid-state physics and the physics of comets .  
Delsemme f 7 / ,  for instance, believe that the "parent" molecules must 
exist  in cometary nuclei not in the form of pure ices ,  but as frozen hydrates 
of the fo rm B . n . HzO, where B is the considered parent molecule and n .  H2O 
is the number of water molecules bonded to i t .  

be divided into two types: 

KC1 or CO(NH2)z solutions); 

(NH4)2C03, e tc .  

hydrated ions.  Initial r e su l t s  on the ice consumption, p r e s s u r e  of sublima- 
tion products, and temperature  as functions of the specific power input have 
been obtained for  solutions of NH40H, (NH4)2CO3, LiC1, and KC1. 
shows the t ime variation of p re s su re  of the sublimation products of a KCl 
solution (C = 1.5g-equiv. /l), for  two values of the specific power. 
p re s su re  rise a t  the beginning is due to the warmup of the ice .  
a sal t  ma t r ix  f o r m s  on the sample surface,  and a s  i t s  thickness inc reases  
the  thrust  drops.  Independent t e s t s  on the determination of the consump- 
tion of ice  made of a KC1 solution showed that the discharge of HzO from the 
frozen solution corresponds to the discharge f rom water ice  a t  the same  
power input. The dec rease  of the thrust  with t ime  is therefore  due t o  a 
reduction in the velocity of the sublimating molecules when they pass  
through the po res  of the matr ix .  

difficulties involved in working with i ce s  of other chemical nature,  for  
example, C02,  C2H2, CH4, e tc .  The range of substances is quite varied,  

The agreement  of the curves in the temperature  range f rom -75 to -50" 

Some of the molecules r e tu rn  to the ice  surface,  

Besides t e s t s  with pure water ice,  we a r e  carrying out a series of 
The study of 

Swing and 

According to their  outward behavior in a vacuum, frozen solutions may 

1. Solutions whose i ces  fo rm by sublimation a porous sal t  matr ix  (e.g., 

2 .  Solutions which do not form a matr ix .  

A special  position is occupied by solutions of the LiCl type, which have 

Among these a r e  NHgOH, 
The f i r s t  type is more  commonly encountered. 

Figure 4 

The 
Subsequently 

Experimentation with frozen solutions helps to eliminate many of the 
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and thus appropriate combinations can be chosen which would yield by 
sublimation under solar  radiation spectra  s imi l a r  to those observed in r ea l  
comets .  

mg' 
1.5 

t O  

0.5 

0 

I 

rnz 

FIGURE 4. 
KC1 solution: 

1 - W ,  = 0.064 W/cm2; 

Pressure of the sublimation products of a fiozen 

2 - Wz = 0.058 W/cmZ. 

It is known thqt sunlight is scattered by dust par t ic les  in the atmospheres  
Many cometologists a r e  concerned with the mechanism 

We therefore made i t  

and ta i ls  of comets .  
of formation and acceleration of the cometary dust par t ic les ,  as well a s  
other relevant character is t ics  of the dust component. 
a point to study the behavior of "contaminated" i ce s  in a vacuum, i.e., i c e s  
containing some specified dust component 181.  

The experiments were performed in a glass  vacuum chamber with w a l l s  
cooled by liquid nitrogen. 
prepared a s  follows: a batch of dust and a measured volume of distilled 
water were placed in a separate  container. After being thoroughly s t i r r e d  
and cooled to + 1-+2" the mixture was quickly t ransferred to a nickel t r ay  
cooled by liquid nitrogen. The t ray with the ice was then suspended in the 
vacuum chamber over a special  glass  plate.  Measurements were s tar ted 
when the p re s su re  in the chamber dropped to Hg. Either 
heat o r  light energy was supplied to the ice,  and i t  reached some steady- 
state temperature 'T,,  depending on the power input /%/ ,  
sublimation took place with either the emission of par t ic les  and their  
conglomerates o r  the formation of a dust matr ix .  The dust par t ic les  and 
conglomerates produced a t rack on the g l a s s  plate, f rom which we could 
determine the velocities of the escaping par t ic les  and their  angular 
distribution, and find the difference in s i ze  between the original par t ic les  
and the par t ic les  forming the t rack on the substrate .  
tion of the par t ic les  and their  emission velocities were determined by 
photometry of the obtained t rack.  
departure  of the par t ic les  a r e  nearly normal  to the ice surface (the 
deviation f rom the normal  was less than 15"), the angles being l i t t le 
affected by the nature, concentration, and s ize  of the par t ic les .  The number 

The sample of ice  with dust inclusions w a s  

At that temperature  

The angular dis t r ibu-  

The r e su l t s  showed that the angles of 
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of par t ic les  appreciably deviating f rom normal  emission inc.reases with the 
ice tempera ture .  Figure 5 shows the velocity curves  of different par t ic les  
as functions of the tempera ture .  The indexes M on the curves denote the 
points corresponding to the conditions of formation of disintegrating dust 
mat r ixes .  

concentration, the e a s i e r  i t  is for  the mat r ix  to form; 

temperature,  since a t  a higher tempera ture  the dust par t ic les  receive a 
l a r g e r  resultant momentum f rom the sublimation products; 

probability of mat r ix  f:rmation. 
beam ( A =  3000- 7000A) on the surface of dust-containing ice .  

The conditions fo r  the formation of dust mat r ixes  a r e  as follows: 
1. 

2. 

The sma l l e r  the density and s ize  of the par t ic les  and the higher their  

The probability of mat r ix  formation dec reases  with increasing ice 

3 .  The higher the albedo of the ice with dust inclusions the l a r g e r  the 
This has  been found in tes ts  using a light 

a$ 

3.0 

2.0 

1.0 

0 

T 

-40 -50 -60 -70 '0 ' 

FIGURE 5. Velocity of dust particles as a function 
of the surface temperature of H 2 0  i c e :  

1 - A1203, particle size 2 p .  C=0.35%; 2 - A120,, 
particie size Z p ,  C=1.05%; 3 - SO2,  particle 
size 2Op. C = 5 %  

,::. . 

FIGURE 6. Section of dust-particle 
track. The conglomerates formed of 
original particles are clearly seen. 

If the dust-particle track on the substrate i s  examined under a microscope, 
the following is observed. 
of original particles compr ises  conglomerates (Figure 6 ) .  
distance the number of par t ic les  in conglomerates decreases  and more  
individual particles a r e  visible in  the field.  

At smal l  distances f r o m  the ice surface the bulk 
With increasing 

The s ize  of the conglomerates 
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i nc reases  the higher the particle concentration, the smal le r  the par t ic les ,  
and the lower the ice temperature.  F o r  example, 2-1.r part ic les  of N i  a t  a 
volume concentration C =  0.35% form conglomerates averaging 5- 7 m m  in 
length and 2 - 3 m m  in width. 
assumptions and conclusions concerning the physical p rocesses  occurring 
in comets.  

1. 
cometary nucleus is very  low, and this favors  the formation of a dust 
matrix.  

2 .  As  i t  approaches the sun the matrix-sheathed nucleus warms up 
which may cause disintegration and ejection of the matrix.  
may be explosive, result ing in an  abrupt increase of dust content in  the 
cometary head; this is observed a s  a flare-up in brightness.  

3. 
the exposed ice  surface increases;  this cools down the nucleus and again 
c rea t e s  conditions for the formation of a matrix.  Thus, a mat r ix  may be 
formed and ejected periodically as the comet approaches the sun. 
formation cycles occur at an  increasing frequency. 

not in the form of individual par t ic les  but as conglomerates of varying s ize ,  
shape, and s t ructure .  

a t  smal l  heliocentric distances.  
f rom the sun is apparently due to some other mechanism, for example, 
that proposed by A. Z .  Dolginov f 9 f .  

component, then when the la t ter  sublimates, i t  may break up the 
conglomerate and accelerate i t  by the force of the reaction. 

concepts, these meteors  should consist  of conglomerates of par t ic les .  When 
the conglomerates enter  the upper atmosphere they tend to shine brightly, 
because of the large s ize  associated with their  loose -grained s t ructure ,  
their  reduced density being correspondingly low. 

Our findings give r i s e  to the following 

At large heliocentric distances the tempera ture  of the dust-containing 

The process  

After ejection of the mat r ix  the discharge of volatile component f rom 

The 

4. The bulk of micron-sized dust is emitted f rom the cometary nucleus 

5. Individual submicron par t ic les  can escape from the ice surface only 
The production of submicronic dust far 

6 .  If a conglomerate emitted from the nucleus contains a volatile 

7 .  Periodic meteor s t r e a m s  a r e  cometary fragments.  According to our 

Note. 
1. 

2 .  
3. 

At the end of the report  a film was viewed, showing: 
The emission of dust particles and their  conglomerates in the sublima- 

The effect of the p re s su re  of sublimation products on the ice surface; 
The explosive disintegration of a mat r ix  of 20-u part ic les  of Si02 under 

tion of HzO ice under vacuum; 

the effect of a luminous flux. 
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K. I .  Churyumov 

ABSOLUTE PHOTOMETRY OF COMETARY 
NUCLEI BY FOCAL S T A R  IMAGES 

A method is proposed fo r  the absolute photometry of cometary nuclei 
by the focal images of s t a r s  lying in  the normal  blackening range of sho r t -  
focus c a m e r a s  of the type "Astropetzval" (f = 60 c m )  and "Telemar" 
(f = 100 cm).  The method is based on using the s t a r  s t r e a k s  obtained on 
the film during tracking of the comet as calibration s t eps  for  plotting the 
character is t ic  curve.  The effective (mean) densit ies of the s t a r  images 
a r e  measured on a microphotometer or a densitometer.  The photographic 
density is averaged over the area of the s t a r  image, consisting of the c i r c l e  
of confusion (the Airy and aberrat ion c i r c l e s )  and the turbulence circle ,  by 
means of an individual slit for each s t a r .  
logarithmic microphotometer scale by scanning a s t a r  is compared with 
the reading D obtained with the same  s l i t  f rom a sample of constant density 
(this is normally a c l ea r  fi lm of the same  thickness as the one being 
measured).  
reading Db, which is used to check the ze ro  setting of the density scale .  

and the measured blackening densit ies D can be used to determine the 
s te l lar  magnitude of the cometary nucleus. 

magnitude of each s t a r  is attenuated by a factor n = - (1 is the length of the 

s t a r  s t r eak  and d is i t s  width), and thus each s t a r  magnitude has  to be 
corrected by an amount 

The reading Do obtained on the 

The reading Do is also compared against  the background 

The character is t ic  curve plotted f rom the known stel lar  magnitudes m 

During comet  tracking the 
1 
d 

A m =  2 . 5 p  logrl., 

where p is Schwarzschild's coefficient. 

f rom the magnitudes obtained by the plotted character is t ic  curves ,  i t  is 
necessary to introduce the correction Am abs derived f rom seve ra l  ex t r a -  
focal sightings for  the whole s e r i e s  of f i lms. 

f i lms f rom a sampling of 2 0 - 2 5  s t a r s ,  lie within 0.1 and 0.2 s t e l l a r  
magnitude. 

standardization, and makes i t  possible to examine the brightness variations 
in the photometric nuclei of comets while studying their  s t ructural  
character is t ics  on focal photographs. 
accuracy is 0.1 -0.2 s te l lar  magnitude. 

In o r d e r  to determine the absolute magnitude of the cometary nuclei 

The confidence intervals,  plotted for the character is t ic  cu rves  of different 

The given method does not require  preliminary laboratory calibration and 

The photometric measurement  
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K .  I .  Churyumov and T .  Maizlina 

INVESTIGATION OF COMET HONDA 1968c 
FROM TWO POINTS OF VIEW 

Comets may be visualized as indicators of conditions in interplanetary 
space and can be used as inexpensive probes in o r d e r  to study the para- 

1.0 I . ' 

5 10 15 20 25 

Correlation between the 
brightness fluctuations of the 
comet 's  photometric nucleus and 
solar activity. 

m e t e r s  of the interplanetary plasma, especially 
at high heliographic latitudes and l a rge  
heliocentric distances a s  yet inaccessible to 
space vehicles.  
situational changes in the interplanetary medium 
may show up as strong fluctuations in the nuclear 
brightness,  a change in the orientation of the 
plasma ta i ls  relative to the radius  vector,  
radiation activity of the cometary plasma, halo 
formation, e t c .  

Comet Honda 1968c was observed in Kiev by 
S. K. Vsekhsvyatskii and K.  I. Churyumov on 
"Astropetzval" (f =60 c m )  and "Telemar'l 
(f = 100 c m )  c a m e r a s  and a long-focus astrograph 
(f = 430 cm), f rom 31 July to 3 September 1968. 
The smoothed light cu rves  of the photometric 
cometary nucleus in the photographic and visual 
regions over  the observational period were 
compared with the smoothed curves of the 
relative sunspot number, the total sunspot a rea ,  
and the total flocculus a r e a ,  plotted with 
allowance for  the difference in the heliographic 
longitudes of the ear th  and the comet.  Com- 
parison of the curves of a )  the nuclear brightness 
of Comet Honda, b) the Wolf number, c )  the 
sunspot area, and d )  the flocculus a r e a  (see 
figure) shows a distinct correlation between the 
brightness fluctuations of the photometric 

The reaction of the comet to 

cometary nucleus and solar  activity. 
activity indexes between 10 and 20 August led to  a concurrent r i s e  in the 
brightness of the cometary nucleus, accompanied by noticeable s t ructural  
changes in the comet.  

Thus, a n  increase in the so l a r  
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A .  A .  Demenko ana' K. I .  Churyumov 

A STUDY OF THE BRIGHTNESS OF COMET 
IKEYA-SEKI 1967n DURING THREE 
SOLAR REVOLUTIONS 

The investigation of i r regular  fluctuations in the brightness of comets 
Comets is important for .determining conditions in interplanetary space.  

have tenuous, often ionized, extended atmospheres,  and they constitute 
natural  probes which sensitively r eac t  to changes in the pa rame te r s  of the 
interplanetary plasma. The rapid fluctuations that strongly dis tor t  the 
regular  light curve resul t  f rom the interaction of the corpuscular s t r e a m s  
of the solar corona with the cometary atmosphere,  or f rom variable 
influences on the cometary ices .  

A se t  of 210 fi lms, taken in Kiev by S. K. Vsekhsvyatskii and K. I. 
Churyumov in the photographic and visual ranges,  w a s  used to plot the 
light curves of the photometric nucleus of Comet 1967n (in reduced s te l lar  
magnitudes allowing for the variation of the comet ' s  heliocentric distance) 
for the period f rom 10 March to 3 June 1968, covering three solar  
revolutions. The smoother light curve of the cometary nucleus was com-  
pared with the smoother curves  of sunspot and solar  f l a r e  activity. 
nuclear light curve showed two sharp  mi, .ima- one on 28 March and the 
other on 24 April.  
roughly equal to the sun 's  period of rotation. 
dec reases  again one solar  revolution la te r ,  on about 20  May. The helio- 
graphic coordinates of the comet changed insignificantly during that time 
(on 28 March, b =  47" and 1 = 281"; on 24 April,  b =  41" and 1 = 272'). 
drop in the nuclear brightness of Comet 1967n at  these t imes  may be 
attributed to the comet entering the same interplume region poor in coronal 
p lasma (in accordance with the conception of a rigid sys tem of s t r e a m s  
rotating with the sun). The smoothed solar-activity curves ,  reduced to the 
comet, a lso show an  amplitude decrease  a t  the given t imes.  After 28 March 
the activity of the cometary nucleus lags  somewhat behind the fair ly  strong 
r i s e  in the sunspot and solar  f lare  activity, which r eaches  a peak between 
the noted minima in  the nuclear brightness of the comet. 
due to the formation of a mat r ix  c rus t  on the surface of the nucleus a t  the 
minimum of 28 March, with an  associated reduction in the r a t e  of gas  
emission. The formation of a mat r ix  c r u s t  on the nuclear ice af ter  weak 
f l a r e s ,  which occurs  during the decrease  of the solar  activity indexes, may 
have been responsible for  the resonance pattern of variation in  the nuclear 
brightness of Comet Ikeya-Seki on 28 March and 24 April.  

went considerable fluctuations accompanied by changes in the s t ructure  of 

The 

The time interval between the minima is 2 7  days, 
The brightness of the nucleus 

The 

This is apparently 

In the course  of several  nights the nuclear brightness of the comet under -  

25 



the near-nuclear region, in the head and the tail.  
spherical  shell  (halo) in  the head of the comet.  
shell,  determined from two consecutive photographs, w a s :  on 30 March, 
1.7km/sec; on 31 March, 2.8km/sec; on 1 April,  4 .4km/sec .  

the rapid s t ructural  changes of Comet Ikeya-Seki 1967n character ize  i t s  
high activity during the whole period of observation. 

Some f i lms show a 
The r a t e  of expansion of the 

The strong fluctuations in the brightness of the photometric nucleus and 

5772 26 

... _... , .  -., 



Z . M .  Ioffe 

DYNAMIC PROCESSES IN COMETS AND THEIR 
ANALOGY WITH THE DYNAMICS OF THE 
EARTH' S MAGNETOSPHERE 

The interaction of the solar  wind with the ionic component of the 
cometary atmosphere produces a flow around the comet, which is in 
many respects  s imilar  to the flow pattern of the solar  wind around the 
e a r t h ' s  magnetosphere i l l .  

a. Upstream f rom the cometary head a coll isionless shock wave should 
occur,  s imilar  to the wave in front of the magnetosphere 1 2 1 ;  

b. The "magnetic tail" of the ear th  closely resembles  cometary tails  
of type I. 
solar  wind. 
oblique magnetic field. 

c .  According to Ness and Donn 131, the cometary r a y s  a r e  neutral  
magnetic field lines, s imilar  to the neutral  line in  the e a r t h ' s  magnetic 
field. In comets these l ines must be associated with the magnetic field 
s t ructure  behind the collisionless shock wave; 

d .  Both the e a r t h ' s  magnetic tail  and type I cometary ta i ls  exhibit a 
plasma s t r eam of density 2 

e .  In ionized cometary tails  Alfvdn waves may be produced by 
instability of the tangential discontinuity a t  the boundary between the 
cometary plasma and the solar  wind. 
s imilar  to that of geomagnetic micropulsations 141. 

ea r th  and comets, there  a r e  a lso significant differences caused by the 
e a r t h ' s  proper magnetic field 1 5 1 .  

Some of the basic s imilar i t ies  a r e :  

The tails  follow the geocentric (cometocentric) direction of the 
Deviations f rom this direction a r e  due to the effect of an  

10'cm-l. 

Their mechanism of generation is 

Besides the given common features  in the solar-wind flow around the 

B i b l i o g r a p h y  

1. B i e r m a n n ,  L. On the Interplanetary P lasma.  - Sem. d'Etuck Puob. 

2. A x f o r d ,  W.- 9. Planet. Space Sci., 12 ,  7. 1964. 
3. N e s s ,  N . F .  a n d B . D . D o n n . - A s t r o n o m .  J., 70, 5. 1965. 
4. I o  f f e ,  2.  M. - Astronomicheskii Zhurnal. 1969 (in print) .  
5. I o f  f e ,  2.  M.- Astronomicheskii Zhurnal, 44, 835. 1967. 

dy r a y  cosmig. p. 477. 1963. 

27 



S. v. Viktorov 

MORPHOLOGY OF T H E  MOON AND THE ANALYSIS 
OF THE CHEMICAL COMPOSITION OF THE 
LUNAR SURFACE 

There a r e  a number of problems concerning the s t ructure  of the moon 
and the origin of i t s  surface features ,  for  whose solution the chemical 
analysis of the lunar surface can yield valuable information. 
problems are difficult to solve either by assaying sma l l  individual surface 
a r e a s  (such a s  the t e s t s  performed by the Surveyor-5, 6 and 7 spacecraft  
in the Mare Tranquillitatis, Sinus Medium, and Tycho c ra t e r ) ,  or by 
analyzing in the laboratory the limited number of samples  collected f rom a 
small  a r e a  and brought back to ear th .  

variations in diameter,  probably due to their  different origin 111. 
Presumably these formations should also show differences in their  element 
content. 
composition of the surface (subsurface) layer of the lunar soil  over 
r e  g i o n s which may be relatively small  but which include r ing s t ruc tu res  
of varying s i zes .  
specifically in o rde r  to study the diameter-to-depth rat io  of the r ing s t r u c -  
t u re s  which somewhat va r i e s  in different areas of the moon 1 2 1 .  
investigations might a lso help elucidate some infrared anomalies which do 
not f i t  the visible formations on the moon. The examination of the degree 
of uniformity of the chemical composition within separate  regions of the 
lunar surface can also be considered as one aspect of the physical mapping 
of the moon. 

Some of these 

It has  been recently found that the ring formations on the moon show wide 

This  assumption can be effectively tested by analyzing the chemical 

Such investigations must be made in seve ra l  regions, 

The 
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A .  V. Zolotov 

GEOPHYSICAL EFFECTS OF THE TUNGUSKA 
BLAST OF 1908 

The flight and explosion of the Tunguska meteori te  gave r i s e  to  a series 
of geophysical phenomena: air and seismic waves, geomagnetic disturbance, 
anomalous upper -atmosphere glow, e tc .  The blast  a lso caused heavy 
damages in the taiga, felling the fo re s t  radially a s  far as 25-  30 kni from 
the epicenter and flash-burning t r e e s  within a range of 18- 2 0  km. In the 
Tunguska blast  the geophysical effects produced by the fall of a space object 
w e r e  detected and instrumentally recorded for  the f i r s t  t ime in the history 
of science.  This factual mater ia l  (microbarograms,  s e i smograms ,  
magnetograms, map of felled forest ,  e t c . )  s e r v e s  as basis  for the study 
of the Tunguska problem. 

about 4.1OZ3ergs, equivalent to about 10 megatons TNT. 
flash-burn a r e a  defines the radiant energy of the blast  - about 
(1 - 2 ) .  loz3  e r g s ,  i.e ., some tenths of t he  total energy. 
of standing t r ees  inside the radially felled fo re s t  (in the epicenter region) 
indicates that the meteorite exploded in mid -a i r .  
forest  a r e a  gives the height of the explosion - 5- 7 km. A basic question 
in the Tunguska problem is what energy (kinetic o r  internal energy of 
explosive conversion) was responsible for  the meteorite blast .  
a r e  held on the subject. 

The hypothesis proposed by the Committee on Meteorites of the 
USSR Academy of Sciences is based on the assumption that the explosion 
and the resultant destruction w e r e  due to the kinetic energy of the meteori te .  

2 .  
to the internal energy, either chemical or nuclear,  of the falling body. 

Since the kinetic -energy explosion does not account for  all the potential- 
i t ies  and causes  of the blast, and the internal-energy explosion has  a finite 
probability, the two hypotheses are equally valid. 'The Tunguska problem 
must  therefore be studied in the light of both, which appreciably extends the 
methodological possibil i t ies.  The investigation of the geophysical effects 
produced by the blast  can help elucidate the basic question involved. 

the analysis of the interaction of the blast  and ballistic waves, i t  may be 
deduced that the explosion of the Tunguska meteori te  was not due to  i t s  
kinetic energy, as was earlier supposed, but r a t h e r  to internal explosive 
conversion energy, e i ther  chemical  or nuclear.  

The s i ze  of the devastation a r e a  defines the total energy of the blast  - 
The s ize  of the 

The presence 

The s ize  of the intact 

Two views 

1. 

Our hypothesis is based on the assumption that the explosion was due 

From a statist ical  analysis  of the map of the radially felled forest ,  and 
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A study of the air waves detected in 1908 by many stations throughout 
the world showed that the Tunguska blast corresponded to a point explosion, 
with a high energy concentration in a smal l  volume which cannot be 
achieved by conventional chemical explosives. 

large-scale  tes t  explosions i t  can be deduced that the geomagnetic 
disturbance associated with the blast  most likely resulted not f rom a 
shock wave, as supposed ea r l i e r ,  but f rom a s t r e a m  of magnetically 
trapped charged par t ic les .  

that the wood r ings immediately following 1908 display a distinctly 
anomalous radioactivity, though i t s  source has  not yet been properly t raced.  

blast  a r e  s imilar  to those of nuclear explosions. Their features  coincide 
in all r e spec t s .  
sufficient evidence) that the Tunguska blast  w a s  of nuclear nature ,  so that 
the subject requires  further study. 

F r o m  an analysis of magnetograms of the Tunguska blast  and of recent 

Radioactivity measurements  taken on samples of Tunguska t r e e s  showed 

It may thus be concluded that the geophysical effects of the Tunguska 

This s imilar i ty  does not, however, constitute proof (or 
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L. I. Miroshnichenko 

CURRENT CONCEPTS ON THE ACCELERATION 
AND PROPAGATION OF SOLAR COSMIC R A Y S  

Some definite advances have been made in the study of so l a r  cosmic 
r a y s  111: determination of the overall  charge composition, energy 
spectrum, and mode of propagation of solar  particles in interplanetary 
space; correlation of the emission of fas t  par t ic les  with the radio and 
X-ray emission of the sun; and investigation of the specific influence of 
solar cosmic r a y s  on some geophysical phenomena (particularly on the 
absorption of short  radio waves in the polar regions).  In the last 
10 - 1 5  y e a r s  intensive studies have also been ca r r i ed  out into the possible 
mechanisms of acceleration of particles in the sun ' s  atniosphere.  
many details  of these processes  a r e  st i l l  unclear.  This is due to the 
dynamic nature of the object of study, the insufficient measurement  
accuracy, methodological difficulties, and the s t rong space and t ime 
variability of electromagnetic conditions on the sun, in the interplanetary 
medium, and in the close neighborhood of the Earth.  

The present  situation in solar cosmic- ray  r e sea rch  may be represented 
in the form of a diagram. 
between the different domains of investigation. The interrelation between 
the various investigations becomes particularly apparent if  the main 
emphasis is laid upon the measurement  and interpretation of solar  -particle 
spectra .  
r e sea rch  of solar  cosmic- ray  spec t r a .  

on the reliability of the method of investigation and on the measurement  
accuracy. These aspects  have been given increasing attention in recent  
yea r s .  Direct measurements  of solar  protons have been extended into the 
low-energy range down to t x - l  M e V  and even to e*-0.5MeV. The study of 
par t ic les  with such energies furnishes information on the fine ("filamentary") 
s t ructure  of the interplanetary magnetic field near  the Ea r th ' s  orbit  f 2  f 
and on the possible variation of this s t ructure  with increasing distance up to 
about the orbit  of M a r s  1 3 1 .  
in interplanetary space during seve ra l  so l a r  revolutions poses the problem 
of finding satisfactory mechanisms for  the continuous generation or 
prolonged emission f rom the sun's atmosphere.  
d r  - 1 MeV the duration and time dependence of the emission a l so  significantly 
de te rmines  their  space -time distribution in the solar  sys tem.  

However, 

Arrows show the "feedback" connections existing 

We will briefly examine in this context some aspects  in the 

Any physical r e su l t s  obtained from solar  cosmic- ray  studies a r e  based 

The fact that 1-MeV protons can be detected 

In the case  of protons of 
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Schemaric representation of solar cosmic-ray research. 

Direct  measurements  in interplanetary space yield unique information 
on one of the most  important character is t ics  of solar  cosmic r ays ,  
namely, their  absolute flux above a given energy level o r  within a given 
energy interval.  However, d i r ec t  measurements  have so  far been only 
sporadically performed and not always a t  the t ime of solar  f l a r e s ,  so that 
indirect  methods of measurement  of the spectrum and absolute flux of 
solar  cosmic r a y s  s t i l l  remain the basic ones used. 

During some solar  cosmic -ray f l a r e s ,  measurements  were taken 
simultaneously on satel l i tes  in a polar orbit  and a t  ground r iome t r i c  
stations.  
possible to correlate  the absolute flux of so l a r  par t ic les  a t  the boundary 
of the t e r r e s t r i a l  atmosphere with the absorption amplitude of cosmic radio 
noise.  F o r  example, fo r  par t ic les  of e,= 1.3-  7MeV during the flare of 
November 21,  1963, the relationship J = 2 . 107A2 w a s  obtained, where J is 
the proton intensity ( ~ m - ~ s e c - ~ s t e r a d - ' )  and A is the absorption amplitude 
(decibels) of the cosmic radio emission of 30Mc 141. From stratospheric  
measurements  on balloons it is also possible to extrapolate the absolute 
flux of s o l a r  par t ic les  a t  the boundary of the t e r r e s t r i a l  atmosphere,  
mainly in the energy range of 100- 500MeV 1 5 1 .  

whole, i t  is important to  know the absolute fluxes of solar  par t ic les  i n  the 
energy region €,a 500 MeV (rigidity R k l  GV). 
energy region that the accuracy in the measurement  of the spectrum 
gradient is low because of i t s  steepness and the low particle intensity, a s  
well as the great  methodological difficulties involved in the measurement of 
the absolute flux. In o r d e r  to determine the absolute flux of solar  par t ic les  
of rigidity R at  the boundary of the atmosphere,  for example, f rom the data 
of neutron supermonitors,  i t  is necessary to know the integral  neutron- 
production multiplicity m, and in o rde r  to find the spectrum gradient i t  is 

By comparing the resul ts  of the two types of observations i t  is 

For  the co r rec t  interpretation of the solar  cosmic-ray spectrum as a 

It is precisely in this  
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also required to know the behavior of m with varying rigidity. 
of m are usually calculated by means of the latitude-effect curve of galactic 
cosmic r ays .  
ground monitoring data is not the m' of the i-th component but r a the r  the 
production multiplicity for  the instrument monitoring the i -th component. 
In o rde r  to determine the absolute flux of solar  par t ic les  a t  the boundary 
of the atmosphere,  i t  makes no pract ical  difference what the absolute 
neutron intensity and production multiplicity real ly  are a t  the observation 
level, and i t  is sufficient to know the relationship between the intensity 
variations a t  the observation level and the corresponding variations in  the 
absolute flux of par t ic les  a t  the boundary of the Ea r th ' s  a tmosphere.  

An attempt to determine the absolute (non-normalized) values of m f o r  
the neutron component w a s  f i r s t  made by L. I. Dorman and L. I. Miroshnichenko 
161. The dependence 
of m on R has  also been studied in 171 .  
*g " R2'69* 0.03 for  the ver t ical  and global multiplicities, respectively, in 
the range of 1.5-.3.5GV. 
nate to within a factor  of 9 2, so that the problem sti l l  r ema ins  of improving 
the accuracy in the determination of the absolute flux of solar  par t ic les  a t  
R 7 l G V .  

space involves seve ra l  problems. One of these is to a sce r t a in  the distorting 
effect  of propagation on the spectrum of so l a r  par t ic les .  
to be able to reconstruct  f rom t e r r e s t r i a l  observation data the t rue spectrum 
of par t ic les  a t  the t ime of emission at  the source.  
and experimental  possibil i t ies of such a procedure are as yet limited. 
Information on the emission spectra  may be obtained a t  present  only f rom a 
diffusion model and only fo r  par t ic les  subject to diffusion 111. 
propagation mechanism of other particles (particularly for  par t ic les  of 
energy C , r  100MeV) is by no means understood, and their  emission spec t r a  
a r e  not known. Moreover,  i t  should be taken into account that their energy 
may appreciably change during propagation (e.g., due to ant i -Fermi 
deceleration in a divergent flux of magnetic inhomogeneities). 

so l a r  cosmic-ray spectrum. 
spectral  fo rms  a r e  basically used: 

The values 

What is actually calculated by the analysis  of continuous 

They found that m - R 2 I 5  within the range 1 - 10GV. 
It was shown that mv+/22.27* 0.03 and 

The values of m calculated in /5 /  a r e  indetermi-  

The investigation of the propagation of solar  cosmic r a y s  in  interplanetary 

It is important 

However, the theoretical  

The 

A point of methodological and physical interest  concerns the fo rm of the 
In the cu r ren t  l i terature  the following three 

B(&) - &K-r ; b C R ) - R ' a n d d O ~ R ) - r r p ( - R / ~ .  

At the current ly  attainable measurement accuracy it is impossible t o  
choose a single fo rm out of the three,  even if one relatively narrow energy 
(hardness)  range is considered. 
different intervals of €, or  R ,  the situation is complicated even fur ther .  
point is that the three given f o r m s  of spectra  may correspond to three types 
of acceleration mechanisms: 1) the spectrum 6;' corresponds to a 
statist ical  acceleration p rocess  ( F e r m i  mechanism); 
tion leads to  the spectrum - R - " ;  
electrostatic field yields the spectrum exp (- R /Re). 

among the hardness  spectra  of solar  protons, &-particles,  and heavier 
nuclei, recorded on Earth.  
theoretical  arguments  in support of the exponential spectrum. 

If one compares  the spectra  obtained for  
The 

2 )  betatron accelera-  
3) acceleration of par t ic les  by an 

The exponential fo rm was proposed in / 8 /  in view of the g rea t  s imilar i ty  

There are a number of experimental  data and 
Specifically, 
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according to 191, the continuous electromagnetic spectrum of the sun 
(from radio waves to visible light) during f l a r e s  may be attributed to the 
synchrotron radiation of e lectrons having a spectrum of the type exp ( - R / & )  
with a value of Re close to that obtained for  protons. The electr ic  fields 
required for  the formation of the exponential spectrum may possibly a r i s e  
during the dynamic dissipation of the sunspot magnetic fields / I O / .  

A hypothesis has  been advanced. in 181, according to which the hardness  
spec t ra  may be associated with the distribution of par t ic les  in the plasma 
ejected by so lar  f la res ,  i.e., the complete spectrum of so la r  protons may 
include plasma in i ts  low-energy portion. 
the mechanism of propagation, which depends on R ,  imposes some 
res t r ic t ions  on this hypothesis. Clearly, in o rde r  to deduce conclusively 
the nature  of the processes  shaping the spectrum of so la r  par t ic les ,  
information is required on whether the spectrum is exponential before 
undergoing modulation in interplanetary space.  The resu l t s  in 1121 
obtained f rom the diffusion theory show that the spectrum of solar  protons 
a t  the source most likely have the form - R*, where g tends to increase 
a t  l a rge  values of R .  In the low-energy region ( E< = 10- 500 MeV), on the 
other hand, the source spectrum can be well described by the power function 
-fkY / 1 , 1 2 -  141, though according to 1141 the representat ions -R' or 
N exp (-RIP.) a lso  fit to within the relevant e r r o r  l imi t s .  
/2  - 141 may be indicative of a difference in the acceleration mechanisms of 
high -and low -energy par t ic les .  

The interpretation of the spectra  of low-energy so lar  protons 
( E k <  100 MeV) measured near the Ear th ' s  orbit is complicated by the 
possibility of their  being accelerated in interplanetary space 115 - 201 
Of par t icular  in te res t  a r e  the r i s e s  in the low-energy proton fluxes ( a s  on 
September 30, 1961 1131) which usually coincide with the onset of a 
geomagnetic s to rm (i .e. ,  when a disturbed plasma je t  f rom a solar  f la re  
reaches  the Earth) .  The theoretical investigation of the acceleration 
mechanisms due to plasma oscillations in interplanetary space offers 
promising possibilities not only for  interpret ing the spectrum of protons of 
energy c, c 100 MeV (and particularly of lk = 1 - 10 MeV) but a lso for 
ascer ta ining the fine dynamic s t ructure  of the interplanetary medium. 

and experimental  shortcomings,  there  a r e  a l ready means a t  hand not only 
for  the qualitative description of the accelerat ion mechanisms of solar  
par t ic les  but a l so  for  the quantitative analysis of the physical p rocesses  
occurr ing on the sun, in interplanetary space, and in the immediate vicinity 
of the Earth.  The propagation of so la r  par t ic les  must certainly play an 
important par t  in the modification of the i r  spectrum. 
clarified only when a sat isfactory model of the interplanetary medium has 
been constructed. 

As  shown in Ill/, however, 

The resu l t s  of 

Let u s  note in conclusion that, despite the cur ren t  theoretical difficulties 

This effect will be 
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A. N. Charakhch'yan and T. N. Charakhch'yan 

THE ENERGY SPECTRUM OF COSMIC RAYS IN 
INTERSTELLAR SPACE 

Measurements  on which par t icular  emphasis has  been placed in the last 
10 y e a r s  consistently exhibit the presence  of a peak in the differential 
energy spectrum of galactic cosmic r ays  on Earth.  
so l a r  cycle the number of par t ic les  a t  the peak va r i e s  by a considerable 
factor  and i t s  position shifts up or down the energy scale,  but the peak 
p e r s i s t s  in the spectrum throughout the so l a r  cycle. It is thus pertinent to 
inquire whether this is the resul t  of the form of the energy spectrum of 
p r imary  par t ic les  coming f rom inters te l lar  space or whether the peak is 
produced in interplanetary space by the sun's action on the cosmic r ays .  

A number of authors assume that the differential energy spectrum of 
cosmic r ays  reaching the solar  system is a continuously decreasing 
function of their  energy or  momentum P, such as 
sun ' s  influence, a l a rge  number of the cosmic- ray  particles cannot 
penetrate into interplanetary space and approach the Earth,  where the 
observations a r e  made. 
appreciable as the particle energy decreases ,  this may, in  principle, lead 
to a cutoff in  the spectrum, i.e.,  produce a peak in i t .  

According to our data, the solar  influence on the cosmic- ray  intensity is 
fair ly  smal l  during periods of minimum activity, and thus the peaked form 
of the energy spectrum usually observed during these periods of measurement  
is also typical of the pr imary  spectrum of par t ic les  coming f rom inters te l lar  
space.  
modulation of cosmic r ays  and borne out by the s t ra tospheric  measurement  
data of 1957-  1964. 

It is theoretically evident, that, among the various manifestations of the 
11-year solar  cycle, a dominant pa r t  in the modulation of cosmic r ays  
should be played by those effects which a r e  directly or indirectly associated 
with the solar  magnetic fields.  Logically enough, therefore,  the 11 -year 
modulation of cosmic -ray intensity shows the best  correlation pr imar i ly  
with the sunspots, which a r e  known to be the c a r r i e r s  of the strongest 
magnetic fields on the sun. There a r e  possibly a l so  other solar-activity 
manifestations which affect the cosmic -ray intensity, such as geoactive 
M-regions carrying weak magnetic fields, but on the whole the effect of 
sunspots predominates. Considering that the number of spots during 
minimum so la r  activity is several  o r d e r s  sma l l e r  than during maximum 
activity, i t  may be assumed that the combined field of the sunspots is 
reduced in roughly the same proportion during periods of minimum activity. 
If, in the l imit ,  the  sunspots completely disappear,  the main source  of solar  

Due to the 11-year 

Because of the 

Since the inhibiting effect of the sun becomes more  

This resul t  is based on a detailed analysis of the 11-year solar  
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TABLE 1. Intensity of primary cosmic particles, m-'sec-'sterad-' 

W 
Y) 

Number of 

groups 
rL 

Magnetic-rigidity ranges P, GV Wolf 
Observation period I number, sunspot 

0.5-2.3 0.5-5.5 0.5-6.6 50.5 22.3 35.5 &.6 W 

July 1957 -Apr 1958 

May-Dec 1958 

Jan-Dec 1959 

Jan-Dec 1960 

Jan-June 1961 

July-Nov 1961 

Jan-June 1962 

July--Dec 1962 

Jan-June 1963 

July-Dec 1963 

Jan-June 1964 . 

July-Dec 1964 

Jan-June 1965 

230 t10  

420 * 60 

420 60 

420 .t 40 

590 *IO 

I 2 0  f 120 

1080 i 60 

1020 * 120 

1 1 l O i l O  

1280 + 50 

1350 30 

1520 * 30 

1620 * 30 

Apr-May 1965 1 1740*40 

1270 i 60 

1400 f 60 

1550 i 30 

1850 i 40 

2050 + 60 

- 

- 

- 

- 

- 

- 

- 

I 

- 

- 

- 

- 

- 

2570 * 40 

2550 f 50 

2160 + 60 

2700 + 60 

2970 + 50 

3200 + 40 

3450 i 50 

3560 f 50 I 

1690 f 60 

1810 i 60 

1960 * 30 

2270 f 40 

2460 f 60 

2880 5 40 

2810 f 50 

3060 + 60 

3020 i 60 

3300 i 50 

3530 * 40 

3180 * 50 

3910 i 50 

1210 80 

1390 f 80 

1540 f 60 

1680 f 80 

1760 i 120 

1800 i I O  

1870 i 130 

1950 i 80 

1740 t 80 

1950 i 60 

1990 * 50 

2160 60 

420 

410 

410 

420 

430 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

310 

320 

320 

320 

330 

330 

330 

1 2 1 1 0 t 6 0  - 1 330 

243 13 

244 f 11 

211 f 14 

156 + 8 

81 5 1  

6 3 f 9  

5 3 f 3  

4 6 t l  

3 6 t 5  

3 2 i 5  

1 6 f 2  

9 * 2  

20 f 4  

362 f16  

311 f86 

330 f13 

254f11 

145 f 9  

114*12 

81 f 4  

I O  t 9  

64 f 6  

58 f6 

31 f 4  

20 f 5  

38 *5 



modulation obviously disappears as well. Let u s  examine to what extent 
the available experimental  data make i t  possible to determine the un- 
modulated cosmic -ray intensity, i.e., that which corresponds to ze ro  so l a r  
activity. 

During 1957- 1964 more  than 11,000 s t ra tospheric  radiosonde measure-  
ments  w e r e  taken of cosmic r a y s  at  the lati tudes of Murmansk, Antarctica, 
Moscow, Alma- Ata, and Simferopo!. The processing of this  extensive 
experimental  data yielded practically continuous data  on the cosmic-ray 
intensity in the  Ea r th ' s  atmosphere and beyond it (pr imary component). 
The method by which the high-altitude measurements  were converted 
into the values of the primary-component intensity in outer space 
is given in /I/. 

Table 1 l i s t s  the mean values of the absolute number of par t ic les  in the 
p r i m a r y  cosmic-ray component for some rigidity ranges (according to the 

geomagnetic cr i t ical  rigidity data of 
/2/) ,  the sunspot number W, and the 
number of sunspot groups r )  (totalled 
p e r  month) v e r s u s  t ime. The values 
we obtained fo r  the total p r imary - ray  
intensity are in good agreement with 
the data of Soviet and American 
measurements  on art if icial  satell i tes 
and space rockets .  It must be noted, 
however, that our data are practically 
continuous and cover concurrently a 
few primary-part ic le  energy ranges.  - Figure 1 shows the p r imary -  

0 100 zm JIO 489 7 component intensity values N .  There - 
is a practically continuous empir ical  
relation between N and r )  with a n  
almost  twenty-fold variation of N ,  
f rom 20 to 370, and a fourfold va r i a -  
tion of n (for 0 . 5 6  P G  2.3GV). 

It should be pointed out that the 
cosmic -ray intensity variation 

FIGURE 1. Intensity of the primary cosmic-ray 
component K as a function of the number of sun-  
spot groups 7; 
1 --P>0.5 GV;  2 - P > 2 . 3  G V ;  3-P= 
= 2.3-6.6 GV; 4 - P = 0.5-2.3 GV. 

corresponding to variations of r) between 2 0  and 150 (1960- 1964) occurred 
when there  were no changes in the other solar  -activity character is t ics  
affecting the amplitude of the 11 -year modulation. The propagation velocity 
of the magnetic inhomogeneities varied during 1960- 1964 by a factor of not 
more  than 1.5-2 1 3 1 ;  the energy spectrum of the 11-year variations 
remained constant during the whole observation period of 1959- 1964 141; 
and, lastly,  the heliographic latitude of the sunspots, which, a s  shown in 
1 5 1 ,  has  a substantial effect on the amplitude of the 11 -year  modulation, did 
not change during that t ime either and remained a t  10". The variation 
of N was therefore in this ca se  mainly due to the variation of r ) .  We note 
that the sections of the curves with the experimental  points for  r ) <  100 are 
nearly s t ra ight .  
axis  ( r )  = 0)  has  a well-defined physical meaning. 
denote the intensity of the p r imary  cosmic-ray component a t  ze ro  so l a r  
activity. 

The intercept of these straight l ines with the ordinate 
The values N ( r )  = 0 )  

Since the slope of the l ines is fair ly  small ,  the values of N ( r ) =  0)  
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a r e  c lose to N ( r )  = 20). 
virtually unchanged i f  allowance is made fo r  the t ime lag between the 
variations of N and r) which is approximately two months 1 3 1 .  
extrapolated values of N ( r )  = 0)  a r e  given in Table 2 .  
the maximum intensity values measured in April-May 1965, which a r e  
virtually the same  as N ( r )  = 0). 

The r e su l t s  obtained for  N ( r )  = 0) remain 

The 
The table a lso gives 

T A B L E  2. Fxtrapolared cosmic-ray intrnsity values for 4 magnetic-rigidity ranges 

Rigidity plane 
P, G V  

20.5 
z 2.3 

2.3-6.6 
0.5-2.3 

1= 20 

3530 f 40 
1990 f 50 
1 6 8 0 i 5 0  
1520 f YU 

Number of particles. m-'sec-'sterad-' 

extrapolation 
'1= 0 

3850 
2100 
1800 
1700 

~ 

maximum intcnsity 
measured in 

April-May 1965 

9910 i 50 
2170 i 60 
1840 + 60 
1740 i 40 

- 

- 

Using our experimental  data and those of other authors,  i t  is possible to 
construct the galactic cosmic -ray energy spectrum, which must be s imilar  
to the modulation-free spectrum. 

The r e su l t s  obtained for  the primary-component intensity r e f e r  to the 
total number of p r imary  par t ic les ,  i .e.,  protons, Q -par t ic les  and par t ic les  
with a charge exceeding 3 .  
number of par t ic les  is insignificant. 
contribution, however. 
and that of a -particles 15%. 
on the charge distribution in the p r imary  component a t  var ious geomagnetic 
lati tudes.  
Np(> E )  m-' sec- '  sterad-':Np= 3260f 50, when the proton kinetic energy E is 
0.1 GeV; N p =  2530f 70, when E = 0 . 7 G e V ;  N p  = 1 7 9 0 f  70, when E =  1.5GeV; 
N p =  2 1 0 f  20,  when E =  7.1 GeV; N p  = 67.5, when E = 15.7GeV. The values 
of N p  for E = 7.1 and 15.7GeV were already found previously 1 6 1 .  
r e su l t s  were confirmed more  than once by recent  measurements  in Soviet 
r e sea rch  expeditions sailing from Leningrad to Antarctica and back. 
Systematic measurements  ca r r i ed  out in Alma-Ata, where the cr i t ical  
geomagnetic cutoff energy E, = 5.7 GeV, indicate that the p r imary  protons 
do not vary appreciably with t ime. The variation in any case  is l e s s  than 
10%.  

The data in question are plotted in Figure 2 .  
and Webber /7 ,8 /  for  high lati tudes a r e  probably more  accurate ,  because 
albedo par t ic les  a r e  more reliably corrected for .  
data is 10- 15%.  The discrepancy a t  equatorial  lat i tudes s e e m s  to be due 
to the significant contribution of showers in MacDonald's measurements  
which lead to excessive values for  the number of p r imary  par t ic les  191. 
a resul t ,  the solid curve in Figure 2 may be considered close to the r e a l  

The contribution of the l a t t e r  to  the total  
The cy -par t ic les  make a significant 

W e  a s sume  that the proportion of protons is 8570 
These values fi t  cu r ren t  experimental  findings 

Accordingly, our data yield for the number of p r imary  protons 

These 

The r e su l t s  of MacDonald 

The discrepancy with ou r  

A s  
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integral  energy spectrun: of p r imary  protons. 
mated by the empir ical  equation 

This curve can be approxi- 

where E is the proton kinetic energy, GeV, 0.1< E c 30GeV 

Qf 1.0 IO Ep* GeV 

FIGURE 2. Integral energy spectrum of galactic cosmic-ray protons: 

e- Authors' data; o - after MacDonald and Webber /7 ,  8/. 

" 
N t P 

E 

FIGURE 3 .  
protons : 

A- after Webber / 8 / ;  0 - after MacDonald e t  al .  / l o / .  The curve 
represents the proton differential energy spectrum dN/dE, plotted 
from the empirical equation given in the above paper. 

Differential energy spectrum of galactic cosmic-ray 
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Figure 3 shows the dirferential energy spectrum of protons plotted f rom 
N(E): 

The spectrum has  a peak at an energy of 0.45 GeV. 
are the experimental  data of MacDonald and Webber 18, 101 obtained in 
1965. 

A detailed analysis of the 11 -year modulation of cosmic -ray intensity and 
i t s  correlation with the 11-year solar cycle thus shows that the energy 
spectrum of galactic cosmic r a y s  on Earth during a minimum in the 11-year 
so l a r  cycle is practically the same  as the extrapolated spectrum a t  ze ro  
solar  activity. 
energy side is difficult to attr ibute to solar  modulation. It is associated 
with the spectrum of the par t ic les  coming f rom inters te l lar  space.  

Also given in the figure 

The cutoff of the galactic cosmic-ray spectrum on the low- 
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A .  N. Charakhch'yan and T .  N ,  Chairakhch'yan 

THE PIFFUSION COEFFICIENTS OF COSMIC RAYS 

It is now recognized that the propagation of cosmic-ray par t ic les  in 
interplanetary space,  and generally in inters te l lar  space,  is of a 
diffusional nature.  This phenomenon is related to the scattering of the 
charged cosmic -ray par t ic les  by large -scale magnetic inhomogeneities 
in outer space.  

The extensive experimental  data now available make i t  possible to 
obtain interesting findings on the diffusive propagation of cosmic -ray 
par t ic les .  
and galactic cosmic r a y s  and their  dependence on the p rocesses  occurring 
on the sun and in interplanetary space.  

r a y s  in interplanetary space,  the diffusion coefficient in the equation is the 
only pa rame te r  characterizing the diffusive property of the medium : 

This r e f e r s  pr imari ly  to the diffusion coefficients of solar  

Lf we consider the s implest  ca se  of diffusive propagation of solar  cosmic 

where n is the particle concentration, 6 is the distance to the sun, and 9 is 
the diffusion coefficient. 

The diffusion coefficient 3 is inversely proportional to  the density of the 
scattering cen te r s  in the medium in which diffusion takes place, in our case  
the density CJ of large -scale magnetic inhomogeneities (clouds). The density 
may be defined by var ious pa rame te r s  of the magnetic clouds. 
of pa rame te r s  is determined by the experimental  conditions in which any 
specified character is t ic  of the clouds is studied. Where the scattering of 
cosmic -ray par t ic les  is concerned, the most suitable pa rame te r  charac - 
terizing the density of the magnetic clouds is the quantity P = H L ,  where H 
and L a r e  the mean strength of the turbulent magnetic field and i t s  mean 
spatial extent, respectively.  

By means of the existing experimental  data i t  is possible to obtain the 
spectral  distribution of the density 9 in t e r m s  of z. 
depends on the space coordinate e .  

The choice 

In addition, 9. also 
W e  thus put 

9 (=,.e) = q m q d t ) ,  (2) 

i .e. ,  w e  a s sume  that the var iables  z and 5 a r e  separable.  
to r e f e r  to 9. as the space distribution function of the magnetic-inhomo- 
geneity densit ies.  

It is convenient 
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For the diffusion coefficient we have the relationship 

where A depends on time, or ,  alternatively, on the solar  activity q (the 
number of sunspot groups), and on the particle velocity v. 
is the integral  magnetic -cloud density, defined by 

The function LJ, 

where e,(x) is the differential magnetic -cloud spectrum. 
3 is therefore a composite quantity depending on many variables.  
by an appropriate choice of experimental data i t  is possible to find empir ica l  
relations between 18 and these parameters .  

So far we have not considered the constant magnetic -field component. 
Ln this ca se  isotropy does not hold for  the diffusion coefficient and i t  w i l l  
have to be expressed in a different form.  Qualitatively, however, the net 
resul t  of a constant magnetic field is to increase the diffusion coefficient, 
given the same values of pa rame te r s  in ( 3 ) .  
that the diffusion coefficient Bs of solar  cosmic r ays  is 2 - 3 t imes  l a rge r  
than the coefficient Bg for  galactic cosmic r ays .  
a sde f ines  the conditions of propagation of particles a t  close solar  distances 
(about 1 - 3 AU), where the radial  magnetic field is sti l l  appreciable. 
modulation of galactic cosmic r ays ,  on the other hand, involves diffusion 
phenomena largely occuring far f rom the sun, where the radial  field compo- 
nent is rather  small .  

The coefficient 
Still, 

It is probably due to this effect 

The diffusion coefficient 

The 

THE DIFFUSION COEFFICIENT 9 s  OF SOLAR 
COSMIC RAYS 

The dependence of Bs on 7 .  Analysis of the experimental data on 
solar  cosmic-ray bursts  by means of (1) made i t  possible to determine the 
absolute values of a s  referr ing to different observation periods 111. 
values a r e  given in Table 1, where Lox is the time of maximum proton 
intensity on Earth,  %is  the diffusion coefficient on Earth,  P is the proton 
momentum, L i s  the t ransport  mean f r ee  path, and p is the power index of 
the space density distribution function of magnetic inhomogeneities. 
was noted that with decreasing solar  activity, the value of 3. increases .  
By reducing the data i t  was possible to approximate an  empir ica l  relation 
between 9. and solar  activity, i .e. ,  between A and 7 in (3):  

The 

It 

where A. is a constant and d =  0.6. 

va r i e s  between maximum and minimum by a factor of about 5. 
noting that, according to / 2 / *  variations of the same o rde r  are observed 
in the flux density of solar  corpuscles.  

It thus follows that the density of l a rge  -scale magnetic inhomogeneities 
It is worth 
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TABLE 1. Values of the diffusion coefficients of protons on Earth 

Date of burst 

Feb.23, 1956 

Aug.22, 1958 
Apr 1, 1960 
May 4. 1960 
Sep. 3, 1960 

Nov.15, 1960 

Nov.20, 1960 
Ju1.18, 1961 

Jul. 20, 1961 
Sep.28, 1961 

Nov.10. 1961 

Oct. 23, 1962 

Feb. 5, 1965 

Jul. 7, 1966 
Jan. 28, 1967 

May28, 1967 

Heliocoordinares 

c 

+ I 4  

+ 18 
+11 
+ 90 
- 90 

+ 32 

+110 
+ 59 

+ 90 
-29 

+ 90 

+ 70  

+ 24 

+ 45 

+ 30 

9 

+23 

+0.8 
+ 13 
+ 11 
+17 

+ 20 

+ 20 
-0.8 

-0.5 
+ I 3  

+ 19 

+0.3 

+ 8  

+ 34 

+ 28 

5". 
hr 

0.6 
0.5 
0.34 
0.46 
0.26 
0.20 
0.30 
0.15 
0.14 
1.8 
5.4 
2.5 

12.5 
9.2 
5.8 
5.4 
3.0 
2.8 
5.4 
2.7 
1.9 
3.6 
3.1 
2.7 
2.2 
6.0 
2.0 
1.0 
0.8 
2.5 
2.1 
1.9 
5 .I 
4.8 
3.6 
2.8 
4.0 
3.1 
7.1 
I .1 
5 .I 
7 .o 

8. . lo2' 
:m2sec-' 

23 
28 
41 
30 
53 
69 
46 
92 
99 
7 .I 
3.9 
5.5 
1 .I 
2.3 
3.6 
3.9 
6.9 
5.0 
3.9 
7 .I 
7.3 
5.8 
6.7 
7.7 
9.5 
2.3 
6.9 
14 
17 
8.3 
9.9 
11 
2.4 
2.9 
3.9 
7.4 
5.1 
6.7 
2.9 
2.9 
3.6 
3.0 

P, 
GeV/c 

2.1 
2.8 
3.5 
4.1 
5.9 
6.0 
9.0 

12.0 
14.0 
0.6 
0.6 
0.6 
0.55 
0.60 
2.1 
0.6 
2.1 
1.5 
0.6 
2.1 
0.6 
0.4 
0.5 
0.1 
1.0 
0.2 
0.4 
0.6 
0.8 
0.4 
0.5 
0.1 
0.15 
0.2 
0.3 
0.6 
0.6 
2.0 
0.2 
0.3 
0.5 
0.6 

c.- 1011 
c m  

25 
29 
43 
31 
53 
69 
46 
92 
99 
14 
7.1 

10.0 
3.4 
4.2 
4.0 
7.1 
1.6 
5.9 
7.1 
8.5 
13 

14.5 
13.1 
12.8 
13.0 
13.5 
17.2 

25 
27 
22 
21 
18 
16 
14 
1 3  

13.4 
9.2 
1.4 
14 
9 
8 
6 

B 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
0.5 
1 
1 
1 
1 
1 
0.5 
1 
1 
0.5 
1 
1 
1 
1 
0.5 
0.5 
0.5 
0.5 
1 
1 
1 
0.5 
0.5 
0.5 
1 
1 
1 
1 
1 
1 
1 

Number of 
sunspot 
groups 

P 

230 

400 
220 
230 
280 

200 

200 
150 

150 
120 

90 

80 

40 

120 
230 

220 

The dependence of 3' on the space coordinate. The time variation 

In the 

We may note that the index ~3 turned out the same 

of a number of bursts  provided the means of determining the 
relationship between 9s and the space coordinate e ,  i .e.,  9. in (2). 
approximation q2z&+ i t  was found that p = 0.5 for  7 cases  out of 16 and 
p = 1.0 f o r  the others.  
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for  different proton energy ranges,  and thus points to the possibility of 
separating the variables x and I; in (2). 
fore ,  we may write 9. for  solar  cosmic r ays  a s  

In the f i r s t  approximation, t he re -  

where R is the distance to the Earth 's  orbit ,  and qr is the value of 4. at  
5 = R .  

d(bx). In 5 cases  out of 7 the transport  mean f r ee  path e .  w a s  
constant to within the experimental accuracy for proton momenta P ranging 
approximately between 0.5 and 2 GV; two cases  show an explicit dependence 
of e. on the proton momentum in the form P': where d- 0.5 and P > 0.5GV 
(Table 1). Accordingly, the integral  density spectrum of magnetic in-  
homogeneities q,(ia) according to the parameter  z - P ,  as obtained f r o m  
solar  cosmic r ays ,  may in  the first approximation be divided into two 
c l a s ses :  

The integral  density spectrum of magnetic inhomogeneities, 

Consequently, there a r e  l a rge  fluctuations in the magnetic -inhomogeneity 
spectrum, specifically in  t e r m s  of the differential density spec t rum %(it ) in 
(4). 
cut off on the side of sma l l  ;P, while in the second, 9, (2)  is a continuously 
increasing function of the fo rm + , - z - ' . ~ .  Let u s  note that c l a s ses  1 and 2 
a r e  a lso associated with different space distribution functions p., f o r  which 
p = 1.5 and 0.5, respectively. 

It is worth noting that the variation of the density spectrum in these two 
c l a s ses  is mainly due to variations in the number of l a rge  magnetic 
inhomogeneities. 
coefficients 8. . ( loz1 cm2 . s e c  -') given below: 

9, = 12f 2, and for  P =  2GV, 4.= 40; 

Bo.= lo* 1. 

level 7 = 90, by means of (5). 

high rigidit ies.  
of burst  thus indicate that complex p rocesses  a r e  involved in the propagation 
of solar  cosmic -ray par t ic les  in space.  

We can  consequently describe the diffusion coefficient of so l a r  cosmic 
r a y s  by two empir ica l  relations,  corresponding to different conditions of 
solar  -proton propagation in  space : 

In fact, in the f i r s t  case,  the differential spectrum w i l l  be practically 

This may be seen  f rom the mean values of the diffusion 

For bu r s t s  with p = 0.5 and a proton magnetic rigidity P = 0.6GV,  

For bursts  with ,8 = 1.0 and P =  0.6GV, W e =  7f 0.6, and for P =  2GV, 

In the calculation of A the r e su l t s  were reduced to the solar-activity 

It is seen that the relative difference in 3. for the different is l a rge r  a t  
The change in the functions 9, and 4. according to the type 

andBS=0.6.1013 *(cm 2 s ec  -1 ). 
ii= 

The f i r s t  of these applies to the data in  Table 1 for which p =  0 .5 ,  and 
the second to the data f o r  which p =  1.0. 
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THE DIFFUSION COEFFICIENT O F  
GALACTIC COSMIC RAYS 

d. 

0.06 
0.08 
0.12 
0.16 

The 11-year so la r  modulation of the cosmic-ray intensity is well 
explained by P a r k e r ' s  theory, according to which cosmic - ray  par t ic les  ' 

a r e  expelled f rom interplanetary space by moving magnetic inhomogeneities. 
The theory gives the following equations relating the diffusion pa rame te r s  
of cosmic -ray propagation in interplanetary space with experimental  data : 

3. 
7 

0.17 
0.25 
0.35 
0.5 

On the left-hand side appear the measured quantities: y/ i s  the cosmic-ray 
modulation factor  141, tst is the stabilization t ime of the cosmic-ray 

intensity in interplanetary space 151, 

gradient measured in space experiments / 6  - 111, and N is the integral  
number of par t ic les .  

thus possible to calculate each of the diffusion parameters ,  i .e. ,  the 
diffusion coefficient 3, the propagation velocity u of la rge  -scale magnetic 
clouds, and the range 2 of solar  modulation. 

space coordinate have to be specified. 

assuming a power dependence ag=  8: ( g ) p  and a constant L L .  

values of y for p = 0, 0.5, 1.0, and 2.0, u =  4 .  107cm2/sec  and Z =  15AU 
a r e  given in Table 2 .  

$ is the radial  cosmic-ray intensity 

Using equations (7), ( 8 ) ,  (9) and the appropriate experimental  data, i t  is 

F o r  the actual solution of the problem, the dependence of B and u on the 
W e  calculated the integral  (7)  by 

The resul tant  

8. 

0.35 
0.5 
0.75 
1.0 

TABLE 2. 
fusion coefficient ~ g ( c m 2 s e c - ' 1 0 2 2 )  and of the power index J3, with U,=4 .  107cm/sec and 2 = 1 S A U  

Calculated values of the modulation factor vexp (0.5 < P  < 2.3 GV) for different values of the dif- 

+ 
0.8 
1.2 
1.9 
2.5 

Y e x p  

- 

0.4 
0.6 
1.2 
1.4 

__ 

1.7 
2.4 
3.2 
5.0 

0.1 0.35 0.65 
0.17 0.5 1.0 
0.26 0.8 1.6 
0.34 1.0 2.0 

Diffusion coefficienr 8 g  

0.34 
0.48 
0.75 
0.95 

0.06 0.12 0.24 50 
0.09 0.18 0.36 100 
0.17 0.3 0.6 200 
0.18 0.36 0.7 I 300 

1 Jl= 2.0 

I I 
. -  

Solar 
activity 

I 

'1 

The variation of with 7 for  severa l  particle-energy ranges is plotted 
in the figure. The data on -q tabulated in the f i r s t  column a r e  for  the 
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differential number of par t ic les  in the range 0 . 5 ~  PS 2.3GV. 
maining columns appear the values of t, calculated for  different values o f j j ,  

In the re-  

and of the galactic cosmic-ray 
diffusion coefficient a!, expressed 
in t e r m s  of &b for  solar  cosniic r ays .  
It can be seen f rom the table that for  
each value o f p  i t  is possible to select  
a value of C@ which gives a good 
agreement  between the calculated and 
experimental  values o f p .  F o r  
example, for  ,A = 0 ,  .@ = a0; fo r  

j 3  = 0.5, &!= .f=; for  j3= 1.0, 8.p~ 8o 

In o r d e r  to draw any definite conclu- 
sions in this respect ,  we need 

f@ 200 300 @ 2 measurement  data on the cosmic-ray 

gradient &$. 

provide qualitatively new findings on 
the r ad ia l  cosmic -ray intensity 
gradient.  By performing measure - 
ments a t  different points in in t e r -  

Y 

15 

r .  

Variation of the modulation factor y/ with the 

of rigidity P, GV: 

1 - 0.5 < P < 2 . 3 ;  2 - P > 0.5; 3 - 2.3<P<5.5 ;  
1 - P > 2.3. 

number of sunspot groups 7 for primary particles 
Experiments on modern spacecraf t  

planetary space and determining the corresponding values of the gradient 

5 $, i t  is possible to calculate 

This  is quite difficult in practice,  however; f i r s t ,  because measurements  
have to be made f a r  from the Earth,  and also because the measured intensity 
variations a r e  often difficult to separate  into space and time variations.  
a distance of 0.2 - 0.5 AU from the Earth,  the expected variation is a few percent.  
However, variations of the s a m e  order  of magnitude occur in the Forbush 
effect and short-period fluctuations, and also in the case  of nonuniform 
spatial  distribution of the cosmic r ays .  
data ,  f r e e  of t ime variations and comparable with theoretical  r e su l t s ,  
long-term observations seem therefore required.  

subject are nevertheless of high interest .  

f rom measurements  of the gradient 4 '$ / 6 -  11/. 

probably be attributed to t ime variations in the cosmic - r ay  intensity, which 
cannot always be accurately computed. 

and "Pioneer-5" no spatial  dependence was found for  2 within 2 - 3% 

i r r egu la r  variations up to a range of 1.24 AU. 

agreement  in the 

"Venera-4." The measurements  of "Mariner -4" apparently yield an in-  
c o r r e c t  r e su l t  due to an inaccurate correct ion for  t ime variations.  
in the table  is also our interpretation of the Mariner-4 data. 
the r e su l t  obtained by Mariner -4 is appreciably different f rom the 
others .  

and i t s  variation with the coordinate. 

At 

In o r d e r  to obtain reliable gradient 

The data reported on the 

Table 3 gives data on go derived 

The l a rge  spread in k c a n  

According to the data of " M a r s - 1 "  

We may point out the good 

data obtained by "Zond-2," "Zond-3," "Venera-3," and 

Given 
As can be seen, 
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TABLE 3. Values of& from spare-probe measurements of rhe cosmic-ray intensity 

gradient and from data on the diffusion Coefficient of solar cosmic rays, for U.= 
= 4 * 1o7cm/sec. 

Solar 
activity 7 

__ 
I O  

250 

IO 

40 

40 

220 

~ 

Spacecraft and 
observation time 

"Mars l", 
lov. 20,1962-Jan. 25,196 

/ 6 /  
"Pioneer 5 , "  

Apr. 1960 /7/ 
"Mariner 2, " 

Sep. -Nov. 1962 /8/ 
"Zond 2,"  "Zond 3" 

"Venera 2 ,"  "Venera 3" 
/9/ 

"Mariner 4, " 
Dec. 1964-Sep. 1965 

/ l o /  
"Venera 4 , "  

June-Oct. 1967 /11/ 

from cosmic-ray 
gradient data 

56.0 

56.0 

1 o i 3  

-2.0 

-6.0 
<1.0' 

3.0 

from solar 
cosmic-ray 

diffusion 
coefficients 

1 .o 

2.2 

1.0 

0 .I 

0.7 

2.0 

* Authors' derivation. 

The las t  column of the table gives the values of go obtained f rom data on 

the diffusion coefficient of solar  cosmic r a y s  for different solar  -activity 
levels 7 and a constant velocity u =  4 .  10'cm/sec.  

agreement between the values of 3 obtained f rom solar  cosmic- ray  data 

and the radial  gradient values. 

about 3 .  This discrepancy i s  most likely due toadi f fe rence  of .23g=$~s inthe 

diffusion coefficients. 
diffusion coefficients of galactic and solar  cosmic r ays  corresponds to 
/3= 0.5. It thus turns  out that the flux density of large-scale  magnetic 

inhomogeneities in space va r i e s  approximately as q, which is in agreement 

with the e a r l i e r  resul t  for  one group of bu r s t s .  

of magnetic inhomogeneities. The resul ts  of systematic cosmic - 
r ay  measurements  a t  varying s t ra tospheric  altitudes and different 
observation t imes  furnish interesting data on the variation of the 
primary-component energy spectrum with the 11 -year so l a r  cycle. 
There is as yet no theory connecting the 11 -year modulation with any partic - 
u la r  manifestation of solar  activity, but the experimental data a r e  neverthe - 
l e s s  significant. 
density distribution 9 ,  (z) of large-scale  magnetic clouds, as in the case  of 

There is a qualitative 

They differ on the average by a factor of 

According to Table 2, such a difference in the 

f 

The energy spec t rum of 11-year variations and the density spec t rum 

They can presumably be associated with the spectral  
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so la r  cosmic rays.  Accordingly, it can be deduced f rom the observational 
findings that unlike the spectrum 9, (z) for  solar  cosmic r a y s ,  the fo rm 
of q,(x) obtained f rom galactic cosmic r a y s  is remarkably constant. 
Within the experimental  accuracy, i t  showed virtually no changes f rom 1959 
to 1964. 

par t ic les  undergoing modulation, A N ,  to the overal l  number of par t ic les  N .  
Referring back to P a r k e r ' s  theory, w e  have 

Experimental  investigations usually give the rat io  of the number of 

A N  7 

- =  N 1 - e ~ p [ - J g ~ d Z ] .  

Among the pa rame te r s  appearing in the equation, only the diffusion 
coefficient depends on the momentum o r  energy of the cosmic-ray par t ic les .  
According to our findings from stratospheric  measurements ,  degvaries 
with the magnetic rigidity of the par t ic les  a s  follows: 

Bg-  u ( 2  + P ) .  (11) 

This relationship between Ag and P w a s  consistently observed throughout 
1959-  1964. 
solar  modulation of the galactic cosmic -ray intensity in interplanetary 
space,  w e  get the approximate dependence of the diffusion coefficient Bgon 
7, P, a n d c :  

Accordingly, using the se t  of experimental  data on the 11-year 

According to ( 3 ) ,  the corresponding fo rm of the magnetic -inhomogeneity 
spectrum in t e r m s  of z is given by 

4 
9'(8., - 

The constant z- is determined froni the proportionality a?, .- p = 

= 2 GeV. 
For a?- a, qg(z)-const; for  Z S - Z ~ ,  %c=j..&. 
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V. A. Dogel and S. I. Syrouatskii 

THE DIFFUSION OF RELATIVISTIC ELECTRONS 
IN THE G A L A X Y  AND THEIR ENERGY SPECTRUM 

According to  modern concepts, cosmic r a y s  originate pr imari ly  in 
supernova outbursts 111. 
primary,  i.e., i t  is accelerated in the source s imilar ly  to protons and 
heavier nuclei 1 2 1 .  
is diffusional in the f i r s t  approximation, and the problem thus becomes 
one of correlating the electron intensity observed on Earth / 3 /  with the 
strength and distribution of the sources .  

occupy an ellipsoidal volume, conforming to the observed distribution 
of supernovae in the Galaxy, and that diffusion takes place in unbounded 
space,  with a constant diffusion coefficient 3. 
Galaxy, however, 81 is obviously a function of the coordinates and in 
par t icular  i t  i nc reases  sharply in  the weak intergalactic magnetic field 
beyond the galactic halo. 
in a spherical  region assumed to have a n  absorbing boundary. 
corresponds to the f r e e  escape of electrons a c r o s s  the boundary of the 
galactic halo. A s  in 141, the source distribution is ellipsoidal. 

Under these assumptions, taking into account synchrotron, Compton, 
and "catastrophic" lo s ses  with character is t ic  time T, the electron spectral  
density f (z',E. t 1 is described by the equation /4 /  

The electron component is assumed to be 

The propagation of relativist ic par t ic les  in the Galaxy 

In / 4 /  this problem is considered under the assumption that the sources  

Under actual conditions in the 

W e  accordingly consider the diffusion of e lectrons 
I'his 

f (T ,E , t )  = f o r  I'tJ = R, , 

where 

synchrotron radiation. 

the given boundary conditions has  the form: 

g=-pE' a r e  the electron energy lo s ses  due to Compton and 

In the case  of axial  symmetry the Green ' s  function fo r  equation (1) with 
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E 

where r 
The distribution function of the sou rces  Q(Z.,~.,€.) was taken as /4 /  

and is determined f rom the condition Jn.j (2," e.) = 0 .  

E.  

9 .3 \ -  

a 
.. 
5 

P 
2 fdf- 
.x 
3 
'j 

z .  

Lu 

1 -  

M-2 

The problem is assumed to be a steady-state one. The electron space 
and energy distributions a r e  then given by 

when E n%'/R-P.  aw=-(&d) and, 

finally, when BX'/R,j) E u B x I / B ; s ,  

dCn acnf E - -(r.+f). 
to the one obtained in /5 /  for  a n  
unbounded space.  In the geometry 
considered, therefore,  the spectrum 

tron and Compton losses ,  not by 
unity, as normally assumed, but twice 
by one half. 

analytic expression cannot be derived 
for  the spectrum, and we performed 
numerical  calculations with the 
pa rame te r s  a / b  = 1.5.10 , a/R, = 1, 
and TQJR0 = 213 .  Given R. and)  f rom 
the position of the discontinuity in the 

This r e su l t  is s imi l a r  

index changes as a r e su l t  of synchro- 

In the general  case a simple 

2 
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la t ter  is rather  unlikely as i t  requires  a value of e in D= C v / 3 ,  which i s  3 or 
4 o rde r s  of magnitude smal le r  than normally used 111, and a harder  
spec t rum of injected electrons with ~ ~ 1 . 6 .  We accordingly have the  resul t  
a- 1OZ8cm2/sec, and 8' 2; in o rde r  to bring the electron intensity measured 
on Earth into agreement with the calculated value, i t  is necessary  to take 
the electron source strength G b  2 . 7 .  103'erg/sec. 

is the resul t  calculated with the same pa rame te r s  and RO=- 141. 
in the diagram represent  the electron spectrum observed on Earth.  
may be seen, the bounded case  yields a sma l l e r  intensity in  the low-energy 

range. 
7 / 3  

distance between the given point and the boundary. the values of the function 
for  the spherically bounded case  and for  Re=- should coincide. 

The calculation resul ts  a r e  plotted in the figure.  Shown for  comparison 
The points 

As 

At high energies,  beginning f rom E>+, where F is the shortest  
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G. B. Khristiansen 

ULTRAHIGH-ENERGY COSMIC RAYS 

The only effective method of detecting p r imary  cosmic radiation of 
ultrahigh energy l a r g e r  than 1015eV is to record the fluxes of charged 
par t ic les  and electromagnetic radiation that accompany the penetration 
of ult,rahigh-energy par t ic les  through the atmosphere.  
feasible a t  present  is based on the detection of the fluxes of charged 
par t ic les  produced in the atmosphere.  
the energy spectrum, nature,  and anisotropy of cosmic r a y s  of energy 
E,- lo1*- 101'eV obtained by this method, and consider a model which f i ts  
the experimental  data.  

The energy spectrum of ultrahigh-energy p r imary  radiation w a s  studied 
from the particle spectrum of showers a t  var ious altitudes. 
of par t ic les  Ne and other pa rame te r s  of the shower are determined nowadays 
by means of powerful installations covering an a r e a  f rom some tenths to 
10 kmz according to the relevant N e .  

NO is within-15% a t  Ne-105- l o 7  and worsens with increasing N e ,  
approaching to within - 100 70 a t  Ne- lo1'. 
orientation of the shower axis  (19 and 9) is, for  ordinary installations, 
A$ = 2 - 3" and 6'9 = 6 -  8". 
sents  the p r imary  energy spectrum nea r  the maximum cascade development, 
since a t  the maximum Ne-€, up to a factor which is practically independent 
of Eo. The f i r s t  p rec i se  measurements  a t  Ne = lo5-  10 were made a t  s e a  
level 111, however, and revealed that the index ae of the shower particle 
spectrum changes abruptly by A =  = 0.5- 0.6 when Ne var i e s  f rom 3 .  l o 5  to 
l o 6 .  A few y e a r s  l a t e r ,  this resul t  was confirmed by precision measu re -  
ments at mountain level (in Chakaltai) 1 2 1  (Figure 1). The value of Ne at 
which a~ effectively changes a t  mountain level turned out t o  be 4- 5 t imes  
l a r g e r  than a t  s e a  level, which could be expected if  the change of ae is 
associated with the variation in the form of the p r imary  energy spectrum. 
Figure 1 gives the r e su l t s  of shower-particle measurements  a t  the TienShan 
extended -shower r e sea rch  complex 1 3 1 .  These data a r e  inconsistent with 
the r e su l t s  obtained e a r l i e r  by the same  group, according to which the 
abrupt variation in  a~ should occur a t  the same  value of Ne both a t  s e a  level 
and a t  mountain level. 

The presence of an abru t variation in the form of the p r imary  energy 
spectrum a t  E o - ( 2 - 4 ) .  10'eV': has  now been definitely established. In 
recent yea r s ,  experimental  data have been obtained on the decrease of the 

The method most 

W e  w i l l  examine the findings on 

The number 

The accuracy in  the determination of 

The determination accuracy in the 

In the most simple case  the Ne spectrum r e p r e -  

7 

* The value of Neat mountain level (630 g/cm? is reduced to E, by means of the conversion factor 
1.7. 109eV/particle. 
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index of the shower particle spectrum a t  N e w  1 07do\sn to a= 1.6 - 1.7.  
gives the r e su l t s  obtained a t  hIoscow State University 141, a t  Cornell University 
(USA) /5/, at I I IT  (USA) / 6 /  and a t  "Haveral Pa rk"  in England /7!. 
given data have been converted from the directly nieasurFd quantity E, i.e., 
the energy flux released by the shower in 120-cni water Cerenkov counters,  
to the number of par t ic les  Ne. According to / a / ,  E -Ne . Thus the E 
spectrum having the fo rm F(*E)-E"' 
F(>Ne).*.N~"'. A s  TAndslay / 6 !  points out, the most probable value of 3c i n  
the range N e  = 5 .  lo7- 5 lo9 is 1.7. 
par t ic le  spectrum at  Ne4 3 .  lo8, f rom which Lindslay fornially derived the 
higher value i~ = 2,  w e r e  obtained on the El Alto installation, while the 
points for  N e w  3 10' were obtained on the Volcano Ranch installation. 
Figure 2 gives only the measurement  r e su l t s  of Volcano Ranch. 

Figure 2 

The 

as 
is transformed into the h'e spectrum 

We may note that the first points in the 

-14 
4 5 6 7 

FIGURE 1. 
at  mountain level. 

Circles - / I / ;  c'rosses - / 2 / ;  trlanglrs - /SI'. 

Shower particle spectrum at sea level and 

-" t 
FIGURE 2. 
from the data of /4/(circles), /5/ (solid line). /6/ (triangles). and 
/I/ (squares). 

Shower particle spectrum at and near sea level for Ne >lo' 
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I L .  * I  1 ,  I > 

40 t2 44 46 t8 20 F p  
FIGURE 3. Energy spectrum of primary cosmic radiation from extended-shower 
findings and “Proton” satellite data /9/. The point at Eo = 5 - lO”eV is 
obtained from the data of /6/. 

Plotted in Figure 3 a r e  the data derived f rom 11, 2 ,  5,  6 /  on the energy 
spec t rum of the p r imary  particles generating extended air showers.  The 
figure also gives data on the pr imary  spectrum of the par t ic les  producing 
showers in an  ionization calor imeter .  
“Proton” art if icial  satell i te.  
a t  E, < 1015eV, both in form and in  absolute value (allowing f o r  the different 
measurement  e r r o r s ) .  
energy region of 101’eV is therefore characterized by a two-fold shift 
in i t s  shape. 
diffusional propagation of cosmic r a y s  in our Galaxy, and the superposition 
of galactic and metagalactic cosmic r ays .  According to this interpretation, 
a t  low E, the spectrum index of the galactic component corresponds to the 
spectrum index of the galactic cosmic- ray  sources .  
cosmic -ray diffusion coefficient rapidly inc reases  with E, which accounts 
for  the f i r s t  change in the index of the pr imary  energy spectrum. With a 
fur ther  increase in E, the metagalactic component s t a r t s  to predominate 
over the galactic component and the pr imary-spec t rum index drops  again, 
since in the simplest  case the energy-spectrum index of the metagalactic 
component is the same as that of the galactic sources  / l o / .  

Many attempts have been made to detect anisotropy in the pr imary  u l t r a -  
high-energy radiation ever  since systematic studies of extended air showers 
were begun. Until now, however, no significant anisotropy 6 has  been 
found, even in the low-energy range, where the measurement  s ta t is t ics  is 
highest. 
amplitude on the basis  of r ight ascension for different Eo. according to 
measurements  made in the northern hemisphere; the values are plotted 
f rom the most accurate data of / 1 1 , 1 2 , 1 3 ,  6 1 .  
Eo G lOI7eV /11, 12,  1 3 /  the upper l imits  of the variation amplitude a r e  
determined only by order  of magnitude, since the measurement  e r r o r s  
involved a r e  of the o rde r  of the measured quantities themselves.  Fu r the r -  
more,  since for  these energies  /11,12,13/ the observations a r e  performed 

These data were obtained on a 
The plotted spectra  show good agreement 

The pr imary  energy spectrum in the ultrahigh- 

Until recently this w a s  normally interpreted in t e r m s  of the 

Starting at some Eo the 

Figure 4 gives the upper l imits  fo r  the possible variation 

It should be noted that fo r  
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a t  high latitudes, the variation aniplitude i s  not equal to the anisotropy but 
only a fraction thereof 1141. This applies t o  a lesser extent to  the data of 
1 6 1 ,  which a r e  obtained at  low altitudes. 
position model of the galactic and metagalactic cosmic -ray components 
c lear ly  does not conflict with the experimental  anisotropy data / l o /  given 
in  Figure 4. 
component cliffusion coefficient is independent of the energy, the quantity 
6 -0.1 - 0.01%. 
9 - E d  (for d e l), the anisotropy ratio increases  up to a value of a few 
percent a t  EO - lO"eV, which was in agreement  .with the experiniental data.  
At high energies,  where the metagalactic coniponent predominates,  the 
anisotropy rat io  may even become negative /14 1 .  

The ea r l i e r  mentioned supe r -  

In fact ,  according to 1141, a t  low energies,  where the galactic 

At energies  b ( 2  - 3 ) .  10'5eV, where the tliffusion coefficient 

t 

FIGI'IIE 4. Upper limits for the variation amplitude of the 
primary-radiation intensity as functions of right ascension. 

ForEo = 1014-1015eV, according to / l l / ;  for Eo = 
= 1016cV-/12/; for Eo = '2. 10'' and 5 .  10i7cT' - /1:3/; for 
Eo = 10L8cV - /6 / .  

Attempts to analyze the nature of ultrahigh-energy p r imary  radiation 
have been made by a nuniber of authors? 
been obtained by studying the relative fluctuations of the nuniber of 
e lectrons Ne and muons Np in a standard a i r  shower. 
fixed number of niuons Np, the mean value of Ne and i t s  relative fluctuations 
dec rease  with increasing atomic number A of the shower -producing 
p r imary  particle.  

Figure 5 gives the experimental  data of /15 /  on the relative fluctuations 
CNein the number of electrons in showers with a different nuniber of niuons, 
and the calculation r e su l t s  of / 1 6 /  for  priniary radiation consisting only of 
protons ( A =  1) or of heavy nuclei (A = 30). It niay be seen that the r e su l t s  

The most definite r e su l t s  have 

As  is known, for  a 

* We will be concerned with nuclear primary radiation. According to experimental data. the contribution 
of electromagnetic primary radiation is not more than After relict radiation was discovered. i t  was 
found to cause appreciable absorption of the diffuse component of electromagnetic cosmic radiation. 
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of 1151 a r e  inconsistent with A =  30 but agree  with A =  1. The figure also 
shows the values of %e calculated for  the superposition model of the galactic 
and metagalactic components / 1 7 /  under the assuniption that the chemical 
coniposition of the p r imary  radiation in the region where the diffusion 
coefficient is independent of the energy (i.e.,  a t  Eo s 1015eV) is s imilar  to 
that a t  low energies  /14/. The calculation r e su l t s  were found to be in  
agreement with the experimental  data. 

~ 

7 8 

FIGLIKE 5. Comparison of experimental data on the distortion in the number of 
particles Ne atvariousvalues of N e  (or N,*j with theoretical calculations. 
experimental data were taken from /15/. 
protons and heavy nuclei according to /16/; dashed curve - calculations 
according to / l l / ;  solid curve - calculation for the chemical composition 
according to the model of ultrahigh-energy cosmic-ray generation proposed in 
the present paper. 

The 
CurvesP and H - calculations for 

It has  been recognized in recent  yea r s  that re l ic t  radiation with a 
t empera ture  of 3°K is of fundamental importance in the absorption of 
ultrahigh-energy cosmic r ays .  
photons of re l ic t  radiation may interact with protons and nuclei of 
sufficiently high energy. The interaction gives r i s e  to photoproduction of 
pions o r  electron-positron pairs ,  o r  to photonuclear disintegration. As 
a resul t  of these processes ,  the energy of the cosmic- ray  par t ic les  is 
reduced. 
According to 1191, at  the rel ic t  photon density corresponding to our epoch 
(- 50001 cm3), the lifetime of protons of energy 2 lO"eV i s  of the order  of 
IO8 yea r s .  
r a y s  f rom the diffusion theory, the cutoff in the energy spectrum is quite 
pronounced, start ing a t  E-3 .  lO"eV.+ 

It should be noted that according to 1201  there may exist  in the universe 
also infrared radiation with a temperature of - 8 "K and a photon density as 
high as that of re l ic t  radiation. In this case,  the energy at which the spectrum 

This is associated with the fact that the 

The impor tanceof th is  effect w a s  pointed out in 118, 19/ .  

Given a l ifetime 2 IO9 yea r s  estimated for metagalactic cosmic 

* In /20/ an exact calculation was attempted with allowance for: a) different laws of variation of the 
cosmic-ray source strength with time; b)  different laws of variation of Hubble's constant with rime: and 
c) different t ime origins t ( for  which a specific law of variation of the cosmic-ray intensity is assumed). 
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is effectively cut off would clear ly  be -lO"eV, while in the experiment 
performed in f 6  f dozens of events can be observed a t  this energy. 
both the experiment of f 6 f and the data of 120 f need further refinement, i t  
is pertinent to consider other possible models for  the origin of ultrahigh- 
energy cosmic r a y s  which f i t  the given experimental  data and are a l so  
consistent with a short  propagation time for  cosmic r a y s  of cri t ically 
high energies  between the source and the observer .  

a nongalactic component, but assume that the l a t t e r  originates in the 
neighboring galaxies. It is most  logical to consider those of the 
Local Group (Supergalaxy), which consists of 16 galaxies and has a r a d i u s  of 
-2  lo6 light yea r s .  
main cosmic- ray  source is the Galaxy. 
of diffusion out of the Galaxy inc reases  and at  Eor lO"eV the concentration 
of the galactic and supergalactic cosmic -ray components becomes 
approximately the same. 
component predominates. 

model. The volume of the Local Group is years 

that of the Galaxy. 
relative to the generation of cosmic r ays  in the same  way a s  our Galaxy, 
the concentration of cosmic r ays  in the Local Group ought to be a lmost  l o 5  
t imes  lower than in ou r  Galaxy, i f  the buildup factor is the same .  In o r d e r  
to account for  the second shift in the shape of the p r imary  spectrum it must 
be assumed that the cosmic-ray concentration in the Local Group is only a 
few tens of t imes  lower than in the Galaxy. 
intensity to be obtained, the buildup factor in the Local Group should be 
thousands of t imes l a rge r  than in the Galaxy. Obviously, given the s ize  
of the Local Group, the supergalactic cosmic r a y s  of E > lO"eV cover 
distances over which the interaction with rel ic t  radiation has  a decisive 
effect. 

the steadily generated energy spectrum with integral  index s = 1.7  there i s  
an unsteady cosmic- ray  component produced by the explosion of the galactic 
center and having the same integral  spectrum index. 

coefficient dD(f) ==ao ( & 1" at  €*Ecr  2 and 24- a t  E c EC;F,+ we have fo r  

the concentration of the steady component 

Although 

W e  w i l l  re ta in  our  ea r l i e r  division of cosmic r a y s  into a galactic and 

We w i l l  assume as before that at Eo < 3 .  1015eV the 
At E, > 3 .  1015eV the coefficient 

At E, > lO"eV and up to 5 .  lO"eV the supergalactic 
The following difficulties are encountered in this ( IO6 light years) . 3 t imes  l a r g e r  than 

Assuming that the 1 6  galaxies of the Local Group behave 

Hence for  the required 

Let u s  consider a strictly galactic cosmic- ray  model, in which besides 

Assuming the diffusion 

and fo r  the unsteady component 

where Q s t  (E) [ s&]  is the strength of the steady-state source; 

distance between the center of the Galaxy and the observer  ( 7  = 3 * loz2  cm); 

z is the 

E,, is the proton energy at which the diffusion coefficient starts to vary with E. 
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9nonsr(E)is the strength of the nonsteady-state source; r is  the t ime of action 
of the nonsteady-state source; t i s  the t ime elasped since the explosion 
(t- z).  

Let u s  note that the above is a simplified expression fo r  NG which does 
not take into account fragmentation and interaction with inters te l lar  mat te r  
o r  the spatial  distribution of steady-state sources .  

FIGURE 6. 
steady-state cosmic rays: 

P - for protons; V H  - for very heavy nuclei (?=  25). 

Differential and integral spectra ofnon- 

a 

FIGURE I. Partial integral energy spectra of steady- 
state and nonsteady-state origin (a) ,  and combined 
intcgral energy spectrum of ultrahigh-energy primary 
cosmic radiation according to the model proposed 
in the present paper (b). 

Excluding the fact of re l ic t  radiation, we should have that f in the 
expression for N G  nonstshould be l e s s  than 10 yea r s .  Setting t = lo6 y e a r s  = 
= 3 .  1013 sec,  d = 1, z = 3 .  1OZ2cm, and d, = 102*cm/sec ,  we find that the 

exponent 4m has  an absolute value much l a rge r  than unity at E 4 fer and de- 

c r e a s e s  with increasing € .  
may have in some energy range an even smal le r  index than F = 1 . 7  

(Figure 6) .  At sufficiently large E, for which 4st 44 1, NG "onst - 

7 

22 

As a resul t  the integral  energy spectrum N G  ,,Onst 

F - ( r  + b d )  
L 

For nuclei with charge 2 ,  E u ( ~  = E cr '3. Therefore,  the fraction of 
nuclei should appreciably decrease  at  E -  Err and remain  smal l  within the 

range of values of E in which fo r  protons is l a r g e r  than unity. 
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If 1 for  protons, then for la rge  E, on the other hand, the ro le  of 

nuclei may significantly increase,  since the condition a&f )r 1 may s t i l l  

hold fo r  nuclei. 
spectraNc,,,o,stfor different 2 ,  as well as the spec t ra  NG St fo r  different if, 
and the combined primary-radiation energy spectrum NG s t + N ~  nonst. The 
calculations were made on the bas i s  of the following values of the relevant 
pa rame te r s :  z =  3.10z2cm, t =  3.10'3sec,  $.= 1OZ8cm2/sec, d =  1, and 
t= 1.7. 
observer  is taken f rom the values given in 1141 fo r  the low-energy region. 
The distribution of E at the source  adopted for the nonsteady-state component, 
confornis to the one given in 1141 for the steady-state component.':: We a l so  
note that a t  a,= 1OZ8cmz/sec and d = 1 the diffusion condition in magnetic 

fields H -*'+p, where 9 = &-, is fulfilled for +(3- 5 ) .  10-60ersted a t  any 

E fo r  which the fundamental diffusion approximation condition z w 

holds. 
heavy nuclei. But i t  is precisely the la t te r  that make the main contribution 
to N G  "OW a t  E = 1O"eV. The above model thus accounts for  the twofold shift 
in the shape of the p r imary  e n e r  y spectrum and fo r  the possible existence 
of cosmic r a y s  of energy 2 3.101'eV. 

ratio 6 at E > 10i7eV is independent of the diffusion coefficient and equals 

6 = I-r/ct = 5. lo-' .  
the anisotropy of cosmic r a y s  of energy E >  l O l 7 e V  ( see  Figure 4). A s  
r ega rds  the value of 6 at E <  lOI7eV, it a l so  fits the experimental  data, 
despite the increase  in 6 with E (6- E fo r  d = l ) ,  i f  we take 3. = 10z8cm2/sec.  

Calculations of 6*(see Figure 5 )  were made fo r  the chemical composition 
in accordance with the spec t ra  in Figure 7. 
display agreement  with the distribution of i? considered in our  model 

Figure 7 gives the calculation r e su l t s  on the par t ia l  

The distribution of 2 fo r  the steady-state component near  the 

s t i l l  

This condition may be assumed to be valid a t  E > 1019eV only fo r  

In the model with a nonsteady-state galactic component, the anisotropy 

This value is consistent with the experimental  data on 
2 

rhe obtained fluctuations 
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L.  Kh. Shatashvili 

27- DA Y COSMIC- RADIA TION VARIATIG N FROM 
GROUND AND STRATOSPHERIC DATA 
(1966 -1967) 

The azimuthal asymmetry in the distribution of active formations can  
cause an asymmetr ic  solar  wind of magnetic inhomogeneities causing the 
27-day modulation of the cosmic r a y s  11, 21. The most  interesting is the 
asymmetry caused by long-lived formations upon the sun (with a lifetinic 
longer than several  solar  revolutions). 
study the s t ructural  propert ies  of the solar  wind. 
data on type-1 comet tails  shows / 3 /  that, in principle, the so l a r  wind can 
be asymmetr ic  not only in azimuth, butalso in the so l a r  meridian.  
shall  investigate only the s impler  case  of a n  azimuthally a symmet r i c  solar  
wind. 

One of the main problems in contemporary interplanetary physics is the 
determination of the effective volume of the so l a r  wind. 
variation of the cosmic -ray intensity presents  the possibility of studying 
the asymmetr ic  par t  of the so l a r  wind (it is possible that the so l a r  wind is 
asymmetr ic  in general) .  

asymmetry of the solar  wind. 
of a long-lived 27-day wave (7- 9- 10 so l a r  revolutions) in the variation 
of the cosmic-ray intensity. Generally, the volume of the a symmet r i c  
so l a r  wind of magnetic inhomogeneities is determined by the propagation 
time of the so l a r  activity effects in the interplanetary medium. The main 
p a r a m e t e r s  are the solar  wind velocity and the lag in the maximum in the 
27 -day oscillations of the cosmic -ray intensity relative to the 2 7  -day 
variations of the solar  activity m.  
wind depends mainly upon the precision with which m is determined. 
14, 5 /  the harmonic coefficients of the mean daily neutron-component 
intensit ies N and the number of sunspots W were determined by a 27-day 
Four i e r  analysis.  F rom the lags  in  the effects of W in the harmonic 
coefficients of the 27-day Four i e r  analysis of the pa rame te r  N the effective 
volumes of the so l a r  wind w e r e  determined fo r  different periods of the solar  
activity. 
tions and dec reases  appreciably with decreasing so la r  activity 14, 51 .  If 
f i r s t  the Chree diagrams (Figure 1 )  are constructed and m is determined 
f rom the lag in the 2’7-day cosmic-ray variation with r e spec t  to the c o r r e -  
sponding pa rame te r s  of the so l a r  activity, the value of m fo r  per iods of 
maximum so la r  activity turns  out slightly lower 1 6 1 .  

In such c a s e s  i t  is relatively easy to 
The analysis  of the 

W e  

The 27-day 

During the period of the IGY there  was probably a long period of 
It is this fact  that can explain the presence 

The magnitude of the a symmet r i c  solar  
In 

During the period of maximum so la r  activity m-7 so la r  revolu- 
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FIGUKE 1. 
to data obtained at Climax station), the number of sunspots W and the intensity of the green 
l i n e h = 5 3 0 3 i  in  the solar corona, consrructed as differences of curves, one of w h ~ c h  was 
obtained by the method of combining Chreeperiods according to "0" days (first four months 
of the IGY) of the maxima N F a x ,  while the second was obtained by combining the 
Chree periods according to the "0" days (first four mouths of the IGY) of the minima "in 
of the planetary intrnsity of the neutron cosmic-radiation component for the periods o? 
the IGY with the most pronounced effect of the solar rotation upon the cosmic radiation. 

The 27-day diagrams of the neutron cosmic-radiation component N (according 

In Figure 1 a r e  shown the 27-day variation (according to IGY data)  of 
the number of sunspots W, the neutron cosmic-ray component N and the 
intensity of the green line ( A =  5303w)  in the solar  corona for  the east  (E)  
and west (W)  s ides  of the so l a r  disk. Also the sum ( E + W )  and difference 
( E - W )  of the 27-day Chree diagrams a r e  given (for the same  period); 
these were derived from the corresponding curves for  the eas t  and west 
s ides .  
Chree periods solely according to the "0"  days of the planetary neutron 
cosmic-ray component intensity 11, 71. 
m is determined from the time of vanishing (or  the minimum in the 
amplitude) of the 27-day oscillations of the var ious pa rame te r s ,  then m >  2 
solar  revolutions (if ni  is measured with respect  to the corresponding 
pa rame te r s  of W )  and ni? 1 so l a r  revolutions (if  m is measuredowith 
respect  to the 27-day variation of the corona radiation h = 5303 A). 
comparing the diagrams of the corona radiation with the cosmic-ray 
diagrams,  the best  correlation is obtained if  the diagram (E+W),  i.e., that 
most  closely corresponding to the integral  character is t ic  of the corona 
radiation, and the diagram of N are taken as a bas i s .  
is that each method gives m=t 0 ( m ?  1). It should be mentioned that in 
/8,9, 
than one so la r  revolution). 

The period of the ICY was investigated quite thoroughly. The main objective 
of ou r  investigation w a s  to examine the l i t t le investigated period of the rise 

All the curves  fo r  E, W, E + W ,  E - W  a r e  obtained by combining the 

F rom Figure 1 i t  can be seen that i f  

By 

' 
The main conclusion 

the lag t imes were determined over  a period of 3 - 4  days ( less  
In our  opinion m ? 1 solar  revolutions. 

* I n  /8, 9, 10/the 27-day variation of the cosmic radiation was compared mainly with the indices of the 
geomagnetic activity. 

66 



in the 20th cycle of the solar  activity. 
period, as during the ICY, there appears  a distinct a symmet ry  (with a long 
lifetime T )  i n  the distribution of the active formations upon the sun and, 
consequently, in the 27-day oscillations of the cosmic radiation of long 
duration caused by them. Therefore,  a comparison of the r e su l t s  of these 
two periods is of great  interest .  A detailed analysis of the data on the 
relations between the sun and the ea r th  during the rise in the solar  activity 
for  the 20th cycle h a s  not yet been performed. W e  shall  discuss  only some 
preliminary resul ts .  As w a s  mentioned already before, in the f i r s t  half of 
1967 there  appeared a fairly stable 27-day wave in the cosmic-radiation 
intensity (the possibility of such an investigation w a s  noted by G.  A. 
Bazilevskaya e t  al., private communication). 
data f rom various Soviet stations and the high-altitude Climax station 
(USA) for  the period f rom November 1966 to September 1967 (Table 1). 
u se  of the data obtained a t  Climax in the analysis of the 27-day cosmic-ray 
variations is very convenient, since this station h a s  been operating 
regularly fo r  a long t ime. 
different periods of the solar  activity can be readily effected. 

The analysis shows that during this  

W e  have studied the neutron 

The 

Therefore, a comparison of the r e su l t s  for  

TABLE 1. Seurron data of various stations 

Apatity (USSR) N 

(USSR) 1 4 Yakutsk 
Alma-Ata (USSR) 
Tbilisi (USSR) 
Climax (USA) 
Dolgoprudnaya (USSR) 
Mirnyi (USSR) 

NP 
Npm Jpt 

NP 
C 
C 

Rigidity curoff. 
G V  

0.5 
1.38 
6 . 6  
6.9 
3.08 
2.2 
0.11 

Period 

I1 
11 
I1 
I1 

I, I1 
I1 
I 

~~ 

___ 
Re m a r k :  N - data on the neutron component corrected for the barometric effect: J - P Pt 

data on the penetrating component corrected for the barometric and temperature 
effects: 
the cosmic radiation). Period I: July 1951 to September 1958: period 11: 
November 1966 to September 1961. 

S - data on stratospheric intensity (at the altitude of the maximum i n  

The main method for  finding the 27-day variations in the cosmic-  
radiation intensity w a s  the method of combining Chree periods /ll/. 
method is very effective for  the construction of s imi l a r  diagrams of the 
asymmetry in the active formations upon the sun for  periods with long 
l ifetimes.  In s imi l a r  c a s e s  when choosing the "0" days for  the 
Chree diagrams i t  is extremely effective to choose the " 0 "  days according 
to the data on the planetary cosmic-radiation intensity. 
stations have been operating continuously, the selection of the "0" planetary 
cosmic-ray intensity using the data f rom al l  the stations is much more  
complicated. However, in many c a s e s  a s  a f i r s t  approximation i t  suffices 
t o  use the "0" days determined f rom data of only seve ra l  stations recording the 
cosmic-ray intensity, since in a fairly wide cosmic-ray energy range the 
"0" days determined f rom the data of several  continuously recording 
stations having different cutoff thresholds a lmost  coincide with the "0" days 
of the planetary cosmic-ray intensity. The "0" days were determined f rom 

This 

Since not a l l  
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the data of the Apatity, Alma-Ata, Yakutsk and Climax stations.  F r o m  
these days (for brevity we shall  call  them planetary "0" days) (Table 2 )  
the 27-day diagrams of the various pa rame te r s  of the solar  activity and the 
cosmic radiation were constructed by combining Chree periods.  F r o m  the 
data of Table 2 27-day diagrams w e r e  constructed fo r  those cosmic-  
radiation variables,  which initially seemed insufficiently continuous 17,  12 /. 
In F igu res  2 ,3 ,4  and 5 are shown the corresponding 27-day Chree 
diagrams.  

TABLE 2. Planetary "0" days according to data of three Soviet stations which 
record the neutron cosmic-ray component 

Time 

February 
March 
April 

May 

"0" days of the 
maxima Nmax 

21, 2 5 ,  26, 27, 28 
23, 24. 2.5. 26, 21 
1, 9, 10, 11, 16 

18, 19, 20, 21, 22 

P 

"0 "  days of the 
minima 

P _ _  
I .  8. 9. 16. 17 
7, 8, 9, 10, 11 
3, 4, 5. 6. 30 
9. 10 ,  26, 27. 28 

FIGURE 2. The resulting curves (period 11) obtained as 
differences of the curves calculated by combining 
periods according to the "0" days of the maxima N F a x  
and minima "in of the intensity of the neutron 
cosmic-radiation component based on the data of the 
Apatity, Yakutsk, Alma-Ata and Tbilisi stations and 
the planetary numbers of the sunspots W .  

P 

68 



FIGURE 3. The resulting curves (period 11) calculated by 
combining Chree periods according to  the planetary "0" 
days of the maxima N F a x  and minima "In, and also the 
curves of Nmax-Nmin, based on the data from the 
Apatity, Yakutsk A d  Alma-Ata stations (USSR) and 
separately for the data from the Climax sration (USA). 

P 
P 

FIGURE 4. 
Chree periods according to the planetary "0" days of the maxima 
Nmax and minima N m L n  of the intensity of the neutron component, P 
a i d  the corresponding difference curves Nmax - N F i n  based on 

P 
stratospheric data on the cosmic radiation. 

The resulting curves (period 11) calculated by combining 
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Tbilisi Jpt (ionization chamber) 

FIGURE 5. 
radiation Jpr (period 11) derived from the difference of curves calculated by combining 
Chree periods according to planetary "0" days of N F a X  and N F i n  of the neutron- 
component intensity based on the data from the ionization chamber of the Tbilisi 
station and correcred fur barometric and temperature effects. 

The 27-day variarions of the penetrating component of the cosmic 

F rom the above-described investigation the following conclusions can be 

1. 
made : 

clear ly  detect 27-day variations both in the number of sunspots and in all 
components of the cosmic radiation that w e r e  analyzed. 

The 27-day variations of the above pa rame te r s  must  be correlated 
with long-lived active formations on the sun. 

F r o m  the latitude dependence of the amplitudes of 27-day variations 
of the neutron-component intensity, considering the 27 -day diagrams of the 
s t ra tospheric  data, and also of the penetrating component of the cosmic 
radiation corrected for  barometr ic  and temperature  effects, we can conclude 
that the spectrum of the 27-day variations of the cosmic radiation both for  
the period of the IGY (maximum of solar  activity) and for the period of the 
rise in so l a r  activity must  be quite rigid.  

In the investigated period of a rise in the so l a r  activity one can 

2 .  

3. 

B i b l i o g r a p h y  

1. D o r m a n ,  L.I .  and L.Kh. S h a t a s h v i 1 i . -  In: Sbornik "Kosmicheskie 

2. D o r m a n ,  L . I .  and L.Kh. S h a t a s h v i 1 i . -  Geomagnetizm i 

3 .  B r a n d t ,  J. C.- Astrophys. J., 147:201. 1967. 
4. A l a n i y a ,  M.V., L.Kh. S h a t a s h v i l i ,  andL.1. D o r m a n . -  Canad. 

J. Phys., 46, S970. 1968. 
5. A l a n i y a ,  M.V., O.G. R o g a v a ,  and L.Kh. S h a t a s h v i 1 i . - I z v e s t i y a  

AN SSSR, Seriya Fiz., 32, 1939. 1968. 
6. A l a n i y a ,  M.V.  and L.Kh. S h a t a s h v i 1 i . - S y n o p s e s  of Reports a t  

the All-Union Conference on Physics of Cosmic Rays, Tashkent. 
1968, Izd. FIAN, p.41. Moskva. 1968. 

7. A l a n i y a ,  M.V.  and L.Kh. Shatashvi1i.-TTrudy Vvsesoyuznoi 
ezhegodnoi zimnei shkoly PO kosmofizike. Izd. Kol'skogo filiala 
AN SSSR, Apatity, p.294. 1968. 

luchi," "Nauka," N o .  5:82, Moskva. 1963. 

aerononiiya, 3:979. 1963. 

70 



8. K a n e ,  R. P.-Phys.  Rev., 98 :  130. 1955. 
9. H e r d e n ,  T.S.  and T .  T h a m b y a p h i 1 a i . -  Phil .  Mag., 46:1238. 

1955. 
10. S i m p s o n ,  J .A.-  Phys. Rev., 94:1017. 1954. 
11. C h r e e ,  C.-Phi los .  J. trans. ,  A213, 245. 1913: A212m, 76. 

1 2 .  S h a t a s h v i l i ,  L.Kh.- Trudy VVsesoyuznoi ezhegodnoi zimnei 
1913. 

shkoly PO kosmofizike, Izd. Kol'skogo filiala AN SSSR, Apatity, 
p .281 .  1968. 

71 



K. K. Fedchenko 

0 .  

4 .  

8 .  

12 

16 

MEASUREMENT OF THE COSMIC-RAY 
ANISOTROPY DURING A SOLAR CYCLE 

Observations show that the amplitude  an-^ phase character is t ics  of the 
cosmic -ray anisotropy do not r ema in  constant, but undergo both periodic 
as well as i r r egu la r  variations.  
the atmosphere and the geomagnetic field a r e  completely determined by 
the anisotropy of the solar  wind and depend both on i t s  velocity and on the 
intensity and s t ructure  of the magnetic inhomogeneities. 
present  ar t ic le  is to study the variations in the cosmic-radiation anisotropy 
during a complete so l a r  cycle. 

The data used in this investigation came from the neutron-intensity data 
fo r  the period 1958- 1968 obtained a t  the two Soviet high-latitude stations 
Apatity and the Kheis Island, having narrow acceptance cones and enabling 
the observation of the fine s t ructure  of the diurnal variation. 

These variations in the anisotropy beyond 

The a im of the 

FIGURE 1. 
rhe diurnal variation during a solar cycle: 

A1 - amplitude of the first harmonic; Tlma, - time of the maximum: 
J - cosmic-ray intensity; W - Wolf's relative numbers: Kp - Barrels' 
planetary geomagnetic indices. 

Changes in the amplitude and time of the maximum of 
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We shall  f i r s t  investigate the long-period changes in the diurnal cosmic-  
radiation variation during the solar  cycle of 1958- 1968. The data on the 
diurnal variation were averaged for each month of the above -mentioned 
period and were then analyzed by means of harmonic analysis,  the phases 
being cor rec ted  fo r  the deviations in the geomagnetic field 111. 
amplitude and phase character is t ics  of the diurnal variation thus obtained 
were  smoothed by using a sliding average with a 12 -month period. 
annual means of the amplitude (AI) and the phase (TlmaX) of the f i r s t  
harmonic of the diurnal variation a t  the Kheis Island centered around the 
corresponding months a r e  shown in Figure 1. Similar curves  were a l so  
derived for  the Apatity data, but a r e  not shown in the figure in  o r d e r  to 
p re se rve  clari ty.  
means of the cosmic- ray  intensity at Kheis Island (J), the solar activity 
(Wolf's relative numbers  W )  and the geomagnetic activity (Bartels '  
planetary geomagnetic indices Kp). 

diurnal variation during the complete solar  cycle have a positive correlation 
with the changes in the solar and geomagnetic activity, and i t  s eems  that 
the correlation with the geomagnetic activity is s t ronger  than with the solar  
activity, which indicates a l e s s  direct  relation with the la t ter .  There  is 
a systematic shift in the phase of the diurnal variation toward e a r l i e r  hours 
during the solar  activity minimum. Similar r e su l t s  were  also obtained 
by analyzing the data for  the period 1933- 1954 /2,3/. 

Thus the true anisotropy beyond the atmosphere and the geomagnetic 
field is a sensitive character is t ic  of the conditions in the interplanetary 
medium, and i t s  variations with solar  activity provide information on the 
corresponding changes in these conditions. 

w a s  investigated separately for the periods of maximum (1958) and 
minimum (1964) solar  activity. The harmonic-analysis data of the diurnal 
variations of the neutron intensity f o r  each day f rom the Apatity and Kheis 
Island stations were used fo r  this purpose. 
harmonic amplitudes of the diurnal variation is shown in Figure 2 for  1958 
and 1964 on the basis  of data obtained on Kheis Island; the absc issa  is the 
number of solar  revolutions. Similar resul ts  were  derived f rom the data 
gathered at  Apatity station and, consequently, a r e  not shown he re .  

a r e  grouped together, which indicates a tendency of a 27-day repetition 
of the diurnal variations; this tendency is more  clear ly  marked for  the 
period of the solar  maximum (1958) than during the so l a r  minimum 
(1964). The same correlation exists between the solar  activity and the 
27-day variation in the cosmic- ray  intensity 14, 51. The r e su l t s  
obtained h e r e  indicate that there  is a 27-day modulation of the cosmic-  
r a y  anisotropy both during the maximum and minimum of the solar  
activity and supports the assumption /6/ that this effect is related to 
the 27-day variation of the cosmic-ray intensity. This effect, when 
investigated in more  detail, can yield valuable information on the 
azimuthal asymmetry .of  the solar  wind and i t s  dependence on solar  
activity. 

The 

The 

In the same figure a r e  a lso shown the smoothed annual 

As can be seen f rom Figure 1, the changes in the amplitude of the 

The 27-day modulation of the diurnal variation of the cosmic- ray  intensity 

The distribution of the f i r s t -  

It can be seen from Figure 2 that days having l a rge  amplitudes 
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FIGURE 2. 
variarion determined from dara obrained on Kheis Island for 19511 
and 1964. 

The 27-day modulation of the amplitudc of the diurnal 

In Figure 3 a r e  shown the frequency distributions of the amplitudes of 
the f i r s t  and second harmonics  and phases  of the diurnal variation of the 
cosmic-ray intensity determined f rom data obtained on Kheis Island for  
1958 and 1964. 
station and are therefore not shown he re .  It can be seen from Figure 3 
that the most  probable values of the amplitude of the f i r s t  harmonic of the 
diurnal variation in 1958 and 1964 a r e  0.5 and 0.370, respectively,  and 
0.370 fo r  the second harmonic amplitude both during the minimum and 
maximum of the solar  activity. 
for  atmospheric and geomagnetic effects, occurs  a t  18- 20hr  local time, 
the maximum being shifted towards e a r l i e r  t imes when going over  f rom a 
high so la r  activity to a low one. 
a diffusion mechanism causing the cosmic-ray anisotropy 171. 

Similar r e su l t s  were also obtained from the data of Apatity 

The maximum of the anisotropy, corrected 

This r e su l t  ag rees  with the assumption of 
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FIGURE 3. Frequency distribution of the amplitudes and phases of the diurnal (a)  and semi-diurnal (bJ variation based on data from Kheis Island 

for 1958 and 1964. 
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Yu. I .  Stozhkov 

THE 11-YEAR INTENSITY MODULATION OF 
GALACTIC COSMIC R A Y S  AND THE HELIOGRAPHIC 
DISTRIBUTION OF S UNSP 0 T S  

A detailed investigation of the influence of the 11 -year so l a r  activity cycle 
upon the cosmic radiation has  shown that the cosmic-ray intensity is 
different a t  the same  level of solar  activity. 
where the variations in the relative cosmic-ray flux during May 1968 (the 
maximum cosmic-ray intensity at the end of the 19th and beginning of the 
20th solar  activity cycle) are given. 
A N / N  on the r is ing branches of the solar  activity curves  differs considerable 
f rom that on the falling branches.  

This  can  be seen in Figure 1, 

It can be seen that the value of 

a 

-fS . 

-w I u 

._ 
C 

Stratosphere, Murmansk. 
P,, = 0.5GV 

hw Stratosihere. Moscow, d 

Pcr = 2.3 GV 

FIGURE 1. Cosmic-ray intensityAN/N as a function of the monthly average of the number of sunspot 
groups 2: 
a,  b - neutron monitor data at  Climax and Deep River: c ,  d - stratospheric data at Murmansk and Moscow: 
Pcr - magnetic rigidity. 
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If we consider the fact  that the sunspots of each new cycle appear f i r s t  
a t  high latitude (L' - 25") and then move gradually towards the sun's equator 
(C- 10") 111, i t  can be assumed that the cosmic- ray  intensity depends not 
only on the number of sunspot groups, but a l so  on their  average heliolatitude 

q=&/l, where ti is the latitude of a n  individual group. 

average heliolatitude of the sunspots during a solar  cycle is shown in 
Figure 2 .  were  smoot&ed with a period of 6 months. 
It can be seen that the average heliolatitude P is distinctly different during 
different pa r t s  of the solar  cycle a t  the same level of the solar  activity. 
F o r  example, during the three periods: January, 1961 to April,  1964; 
January, 1965 to January,  1966 and January 1955 to January 1956, the value 
of 

The variation of the 

The values of rl and 

w a s  -lo", -22" and -25", respectively.  

FIGURE 2. Average heliolatitude as a function of?. 

From a comparison of Figures 1 and 2 it can be seen that for the same 
value of n the value of l A N / N I  increases  with a decrease  in the average 
heliolatitude of the sunspots. Fo r  example, during 1967 and 1961, v w a s  

approximately 180, the rat io  (,)6,/(-)67 z 2 and c w a s  -12' in 1961 and 

-20" in 1967. 
increases  as the sunspots move closer  to the equator. Since the increase 
in the number of sunspot groups q and the decrease  in their  average 
heliolatitude 
radiation, i.e., they effect an  increase in IAN/NI,  the similari ty of the 
curves  in F igures  1 and 2. is especially distinct along the rising branches 
of the solar  activity cycle (1955- 1957, 1966- 1967). 
of the solar activity cycle the decrease  of q and f act  in opposite directions, 
and, consequently, there  is l e s s  similari ty between the curves.  The lack 
of a loop in Figure 1 for  AN/N for rl 2 300, in spite of the existence of such 
a loop in  
effects during this period, which have distorted the cosmic -ray intensity 
modulation which is due to the general  solar  activity. 

AN AN - 
N 

It thus follows that the modulation of galactic cosmic r ays  

ac t  in the same way upon the modulation of the cosmic 

On the falling branch 

in Figure 2,  is probably due to the influence of frequent Forbush 
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Thus, f rom the comparison of Figures 1 and 2 it can be assumed that 
the cosmic- ray  intensity is a function of two solar  activity parameters ,  
i .e. ,  N = N(r), t). 
f i r s t  time by Sarabai and Subramanian 121, where this assumption w a s  used 
to explain the amplitudes and phases of the-diurnal variations during the 
solar  activity cycle). The dependence on r can be due to the sma l l  angular 
dimensions of the particle fluxes ejected f r o m  the active zones upon the 
sun. This assumption can be checked by using the oscil lations of the Ea r th  
by f 7" relative to the sun 's  equatorial plane during one year .  
fe rences  in the cosmic- ray  intensity in the s t ra tosphere when the Earth 
w a s  above and below this plane can be seen f rom the data summarized in 
the table. The intensities a r e  compared during periods when the number 
of sunspot groups and their  average latitude in  the northern hemisphere 
are equal, and much l a rge r  than in the southern hemisphere.  It can be 
seen from the table that in the three cases  given the effect is not significant, 
A N / N  c f O.l%/deg. 
gives I AN/NI  2 l%/deg. 
intensity on the heliolatitude of the sunspots is not due to the narrowness 
of the particle fluxes, but probably due to the fact  that sunspots a t  higher 
latitudes a r e  l e s s  effective in modulating the cosmic radiation. 
the cosmic-ray modulation depends on the propagation speed of the magnetic 
inhomogeneities u arfd their  density p in the interplanetary medium, the 
dependence of N on D leads to a dependence of u and p on p.  

(The possibility of such a dependence w a s  suggested for the 

The dif- 

At the same time the variation of the heliolatitude 
Therefore, the dependence of the cosmic- ray  

Since 

Cosmic-ray intensities in the stratosphere 
- -  

2 
m U 

c 0 

m 
.A I 

L 
P 
8 

Nov.1959 
Mar.1960 
Feb. 1963 
Nov.1963 
Feb. 1967 
Aug.1961 

56 12.9 
16  14.5 
15 15.5 
7 14.3 

68 21 
83  24 

M 

-ij \ 

c 
i 

d 

\ 
z 

0.00 f 0 . 1 r  

-0.09 f 0.11 

-0.10+ 0.06 

.~ 

Secondary variations of the cosmic radiation A N / N  are related to the 
AD variations in  the p r imary  spectrum - (PI incident upon the atmosphere D 

in the following way 131: 

where W(p) is the coefficient relating AD/D and A N / N .  
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FIGURE 3.  A N / N  as a function of solar activity: 

a- calculation. x - experiment. 

Since the shape of the s p e c t r u m D /  D hardly va r i e s  during the so l a r  cycle / 4 /  - 
then, applying the mean-value theorem and using jW(p)dp = 1, we can write 

P c r  

A N / N  = AD/D(F) .  
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Thus, the observed secondary variations of the cosmic -ray intensity are 
directly related to the variation of the p r imary  radiation. 
to P a r k e r ' s  model of a spherically symmetr ic  diffusion of cosmic rays,  
A N / N  = exp (-$)-l. 
solar  activity will be written a s :  fi = A .  q Q  c-0. 
effects in the cosmic radiation caused by independent changes of q' and C. 
It can be seen in Figure 2 that f rom March 1961  to October 1964 the number 
of sunspot groups changed from 150 to 40, while their  heliolatitude 
remained almost  constant ( P r 9 -  12'). 
1955-  1956, when r increased from 70 to  170, and f remained almost  
constant (23" - 26"). 
functional dependence of AN/N on q and %. 
values of Q and fl  are the same  for  the cosmic-ray intensit ies measured 
in the s t ra tosphere and those measured by a neutron monitor: Q = 0.8, 
p =  1.5. The constant A is equal to 0.3 for  the s t ra tosphere (Murmansk, 
single counter, P,, = 0.5GV) and 0.13 for the Climax neutron monitor data.  
The value Q = 0.8. ag rees  with the value determined in 151. In Figure 3 are 
shown the experimental  and computed values of AN/N as a function of q fo r  
the s t ra tosphere (Murmansk) and for  a neturon monitor (Climax). 
exis ts  satisfactory agreement between the calculations and experiment.  

Taking into account the dependence of the cosmic-ray intensity on the 
number of sunspot groups and their  average heliolatitude enables one to  
explain the nonunique relation between AN/N and the so l a r  activity, the so-  
called phenomenon of hysteresis  in the cosniic radiation. The dependence 
of the cosmic-ray intensity on the heliolatitude of the sunspots indicates 
that changes occur in the propert ies  of the solar  par t ic le  fluxes depending 
on their  heliolatitude. Since the change in the number of sunspot groups 
and their  average heliolatitude follow the same  trend during the falling 
branches vf different solar  activity cycles  / l / ,  one can expect that during 
the falling branch of the 20th solar  activity cycle the dpendence of A N / N  
on r) and C w i l l  be the same  a s  during the 19th cycle.  

Charakhch'yan and G. A. Bazilevskaya for  their  useful advice and their  
interest  in this  study. 

According 

The dependence of the modulation pa rame te r  ~ on the 
W e  shal l  separate  the 

A s imi l a r  situation occurred during 

These periods were used in o r d e r  to derive the 
Within experimental  e r r o r s  the 

There 
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A .  G. Zusmanovich, E .  V .  Kolomeets and 
Yu. A. Shakhova 

THE MODULATION OF GALACTIC COSMIC R A Y S  

A la rge  amount of data has  been accumulated on the intensity of gal-actic 
cosmic r a y s  during different periods of the solar  activity cycle (sea-level data a s  
well as data f rom measurements  ca r r i ed  out i n the  upper atmosphere).  
energy distribution of the par t ic les  has  been measured quite well over a 
wide energy interval.  
of protons and P -particles fo r  different periods of the solar  activity 111. 
In o r d e r  to study the modulation effects upon the intensity of the cosmic 
radiation one has  to know their  relation with the solar  activity. 

The 

In Figure 1 are shown the differential energy spectra  

b . .  particles 
a a5 x-- . - - .  

~ f ~ r .  c c r  . MeV/nucleon Helium 
5 

L 

0.1 - 
0.05 - 

aoi - 

I . . . I .... L 1 . . I , ,- , 4w m o  MeV* 

FIGURE 1. Differential energy spectra of protons and helium nuclei. 

In Figure 2 are shown the variations in the cosmic-ray intensity ( sea -  
level data), number of sunspots, radio emission from the sun and the 
radiation intensity of the corona (a= 5303 A) for  the period 1964- 1966  
close to the minimum of the solar  activity. The minimum in the number 
of sunspots occurred during August- September 1964, and the minimum 
in the corona radiation during March 1965. The intensity of the cosmic 
r a y s  reached a maximum in April-Nay 1965. 
intensity lags  behind the number of sunspots by about 10 months, and behind 

Thus, the cosmic-ray 
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the corona-radiation intensity by about 1 - 2 months. It was found /2 - 4 /  
that the experimental  data are best  described by the following modulation 

function n ( r )  = n,,exp(--), where K is the modulation depth, R is the 

par t ic le 's  rigidity and 0 i t s  velocity. 
It h a s  been shown / 2 , 4 , 5 /  that K =  0 . 3 - 0 . 6  for  1965 and that AK= 1 

for the period 1957- 1965 151. 
Using the proton differential spectrum fo r  1965 1 6 1 ,  and the energy 

spectra  of protons and helium nuclei / 7 /  for the period of the minimum in 

K 
RP 

(Norikura station) 

I U I  

1G4 ' 49as (96b 

FIGURE 2. 
ray intensity and the solar activity 
during 1964- 1966. 

Variation i n  the cosmic- 

. I  

the cosmic-ray intensity according to  s e a -  
level  data (April-May, 1965), we determined 
the values of K. 
K =  0.57, in the second case  / 7 /  for  protons 
below 2 GeV, K = 0.47, and fo r  helium nuclei 
below ZGeV, K =  0.22. 

To calculate the relative change in K 
during the period 1959- 1965 the data of 
Figure 1 and of 18-  101 were used. 
found that for the differential spectra  of 
protons and helium nuclei AK= 1.9+ 0.1. 
Lockwood and Webber Ill/, using sea- level  
data, obtained AK?2 for  the period 1958- 
1965. Consequently, f rom our r e su l t s  and 
those of other authors,  K =  0.3-0.6 near  the 
minimum of solar  activity in 1 9 6 5  and 
AK= 2 f rom the maxinium to the minimum 
of the l a s t  cycle of the so l a r  activity. 
15, 1 2 1  are given the values of the relative 
radial  gradient 6 of the cosmic-ray intensity 
in interplanetary space.  Knowing K and 6 ,  
we can determine the s ize  of the modulation 
region of the galactic cosmic r ays .  
1 1 3 ,  141 the energy lo s ses  of par t ic les  above 

In the f i r s t  ca se  / 6 /  

It was 

In 

In 

2 GeV were neglected while solving the diffusion equations of the galactic 
cosmic r a y s  in the interplanetary medium. Thus, within the framework 
of the convective diffusion model there a r e  three var iants  satisfying the 
experimental  shape of the modulation function exp( -K/Rp):  

In the second and third var iants  the velocity of the so l a r  wind is given as the 
velocity of a strong shockwave. The value of 1-2 is determined by 6 and K 
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as follows: 

The function Ei(x)  and ?(z) are tabulated in /15/. 
values of K and 6 / 5 /  we get in all three variants r 2 =  2 - 4 A U .  

besides calculating the modulation parameters ,  consists in determining 
the t ime lag between the cosmic- ray  intensity and the solar  activity level. 
However, in o rde r  to do this we must choose such an index of solar  activity 
which enables the best  characterization of the influence of the solar  activity 
upon the modulation of the galactic cosmic r ays  in the interplanetary 
medium. 

F r o m  the experimental  

Another method for  determining the dimensions of the modulation region, 

h 

n!% Huancavo 
a 

-51 ' ' ' ' ' . ' ' ' ' ' ' 

0 40 80 f20 160 Z O O  240 w 

4% 

FIGURE 3. Hysteresis as a function of the index of solar activity: 

a - number of sunspots: b - intensity of the corona line 5303 A. 

In Figure 3 a r e  shown the hysteresis  curves  of the cosmic- ray  intensity 
versus  sunspot number 1161 and versus  the intensity of the corona line 
5303A in the band of heliolatitudes f 30" 1 1 7 1 .  
second case  the hysteresis  is practically absent which ag rees  with the data 
of Figure 2. The correlation coefficients between the cosmic - r ay  intensity 

It can be seen that in the 
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and various indices of the so l a r  activity are listed in the table. 
correlation is observed with corona radiation. 

The best  

Cosmic ray 
station 

Tule 
Deep River 
Norikura 

Correlation coefficients of annual means 

R. 
entire disk 

0.95 t 0.02 
0.94 f 0.02 
0.93 t 0.03 

0.96f0.02 
0.97 * 0.01 
0.94f0.03 

I 

0.94i0.03 
0.93 f 0.03 
0.92i0.03 

0.98 f 0.01 I 0.99 f 0.01 
0.98 *0.01 0.98 t 0.01 
0.97k0.01 i 0.96i0.02 

200 1 2800 

- 
Radio emission, MHz 

__ 
9400 

0.93* 0.03 
0.94f0.03 
0.92 i 0.03 

__ 

~- 

In Figure 4 the time of the maximum of the solar  radio emission is given 

- IO4 MHz the time of the maximum coincides 
with the maximum in the sunspot number, 
and a t  frequencies of - 102MHz - with the 
maximum of the corona radiation. It can 
thus be concluded that the maximum a t  
different levels of the solar  atmosphere 

related to the fact that the energy t ransfer  
f rom the photosphere to the corona for  a 
quiet solar  wind occur s  slowly 1181. The 

intensity and the corona radiation w a s  ob- 

as a function of the logarithm of the radio frequency. At frequencies of 

-*-- --= occurs  a t  different t imes.  This is probably 

. . . . _  largest  correlation between the cosmic ray 
(W-9)4964~ ' a-sl.1965 

served  in 1 5 ,  17 ,  19-21/.  
ca se  1 - 2 months. 
we obtain f o r  the modulation function of 
type 1 f o r  u =  (3 -4 ) .  10 'cm/sec :  r 2  = 

The lag is in this 
FIGURE 4. 
the solar radio emission as a function of 

Time of the maximum of For  such a delay t ime 
the logarithm of the radio frequency. 

= ut = 5-6AU for  A t =  1 month and 
r 2 =  10- 12AU for  A t =  2 months. 
and 3 we have 

For  the modulation functions of types 2 

F r o m  the above expression for  A t =  1-2  months and u =  ( 3 - 4 ) -  107cm/sec ,  

r 2 =  2-4AU. According to 15,121, A K =  u(rz-'l)"il[n(l+aU) 3c 
(1 + U 

( r z -  rl)-,, ) -11, whereu ,  X ,  (r2-rl)mc,are the values a t  the minimum of 
+ A b - -  rd 

the solar  activity. In 151 ,  using sea-level data and the r e su l t s  of /22 / ,  
A K =  1; however, as w a s  shown above, it is more  probable that A K =  2.  
Consequently, (rz--rl),,,-= 5- 6AU. which ag rees  with the r e su l t  obtained 
in 1121. 
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V .  P. Okhlopkov 

THE 27- DAY VARIATIONS OF COSMIC R A Y S  AND 
SOLAR ACTIVITY  DURING 1966-2967 

Between November 1966 and May 1967 there  was a clear ly  marked 
27-day variation of cosmic rays,  which could be t raced to the variations 
in the sunspot number and the 10.7-cm radio emission. 
co r re l a t e  the cosmic -ray variations with the solar activity, the daily data 
(maximum cosmic -ray intensity measurements  a t  the Mirnyi and Olen'ya 
stations, neutron measurements  a t  Deep River and Climax, and geomagnetic 
activity) for  the period of June 1, 1966 to December 31, 1967 were reduced 
by the method of sliding periodogram analysis.  
plotted for  180 days, with sampling periods of 5 to 35 days a t  20-day 
intervals.  
the 27 -day variation of cosmic r ays .  

amplitudes shows that the cosmic-ray variation lags  60- 70 days behind the 
solar  activity. 
sponds to a modulation region 14- 16AU in radius .  

the solar-activity indexes changed f rom 27 to 30 days.  
of period was also noted in the cosmic-ray intensity, but lagging 
60- 70 days behind the solar  activity. 

longitudinal asymmetry.  
eastward at  a r a t e  of 30-40" per month, and this could have produced the 
change in the variation period from 2 7  to 30 days.  

The amplitude of the 27-day variations in the Wolf number during the 
investigated period is 457'0, and in the longitudinal a symmet ry  i t  is 40%. 
Thus the observed variations must be due to the longitudinal sunspot 
asymni e t ry .  

In o r d e r  to 

Each periodogram was 

Over eight solar  revolutions the periodograms clear ly  display 

The time dependence of the cosmic-ray and solar-activity variation 

For a solar  -wind velocity of 4 .  l o 7  cm/sec ,  this lag c o r r e -  

During the time interval under investigation the period of variation of 
A s imi l a r  change 

rhe Carrington distribution of the sunspot number and a r e a  exhibits a 
F rom May 1967 the active longitude s tar ted moving 

87 



V . I .  Shishov 

GALACTIC COSMIC-RAY FLUCTUATIONS OF 
INTERPLANE T A R  Y ORIGIN 

A theoretical  consideration is given of the fluctuations of galactic 
cosmic r ays ,  produced by the scattering of par t ic les  on interplanetary 
magnetic -field inhomogeneities when the la t ter  a r e  sma l l e r  than the 
La rmor  radius  of the par t ic le .  
distribution of the cosmic -ray fluctuations i t  is possible to determine the 
two -diniensional space s t ructure  of the magnetic -field inhomogeneities. 
It w i l l  be recalled that rocket measurements  give only the one -dimensional 
s t ructure  of magnetic-field inhomogeneities. 
originating in the interplanetary medium a r e  best  observed a t  stations 
whose asymptotic cone width is < 6", i.e., a t  high latitudes. 

The s ize  of the fluctuations is numerically evaluated on the basis  of 
rocket measurements ,  assuming isotropy of the magnetic inhomogeneities. 
The rms-value of fluctuations with a period of 6 lOOmin in the intensity of 
par t ic les  of energy a 1 0 9 e V  is 0.2%. 
with a period of 610n i in  is 0.0670. 

It has  been shown that f rom the t ime 

The cosmic -ray fluctuations 

The rms-value of the fluctuations 
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M .  V.  Alaniya and 0. G.  Rogava 

THE BAROMETRIC COEFFICIENT OF THE NEUTRON 

PROTON AND MUON ABSORPTION 
COSMIC-RAY COMPONENT WITH ALLOWANCE FOR 

1. The variation of the barometr ic  coefficient of the neutron cosmic-ray 
component is studied as a function of the total detected intensity and of the 
radioactive contamination of the counters,  with allowance for the absorption 
of protons and muons producing neutrons in the detector.  

sum 
2.  The barometr ic  coefficient of the neutron component is given as the 

9- ( 4 - d : - d i - d i - d 4 ) 3  + d Y ,  +d,'B,+d;y,+d,S, 

where d ;  is the fraction of neutrons produced by secondary protons; 
the fraction of neutrons produced by muon capture;  
neutrons produced by muons interacting with atmospheric nuclei, by shower 
nucleons, and pions; 
contamination; 
detector;  

3 .  
calculated, where 

d;is 
d;is the fraction of 

d, is the fraction of neutrons f rom radioactive 
( f -d,*-d;-dJ. -d4 ) is the fraction of neutrons hitting the 

,01, p2 . YJ , @ and f a r e  the respect ive barometr ic  coefficients. 
The values o f t h e  barometric-coefficient distortion A y-y-j. a r e  

f,, = i&1[4 +b(h)  - ~ ~ ~ ~ ) - ~ ~ ~ h ) - ~ ~ ( ~ ~ - ~ ~ ~ +  

+ d,  (hv,  + dJhJBa + d ~  (hp2 + d4Y4 ; 

d ,  ( h )  -d:expl-p,h], d2(h) - d i  e x p [ ~ 2 / L ] , d ~ ( h ) = d ; e X P ~ ~ ~ j r ] ,  

~ ( h )  = d P ~ e x p ( - B , h ) - l ~ . - ~ ~ e x p / ~ h ) - f ~  + d; [exp(-,$#h)-f] + (f-&-di-<-$)x [expCF&f] 
d , ( h )  = d4 , p4 -0: 

and h is the deviation f rom the mean p r e s s u r e  h. a t  which the neutron- 
component intensity is taken as unity. 

the distortion of the t rue  barometr ic  coefficient is shown to be 2 - 3 70, 
when the total  intensity va r i e s  within ~ ( k )  = f 0.1 - 0.2 and the counter 
radioactivity d 4 = f  0.01-0.03. 

4.  Using the experimental  values of dp , dg , cLJ f rom Hughes e t  al.,';' 

H u g h e s ,  E . B . ,  P. F i e l d h o u s e , a n d  P . L .  M a r s d e n . - - .  Phys. SOC.. Japan, 17. p.518. 
A = I I .  1962. 

Suppl. 
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L. I. Dorman and A. V. Sergeev 

ESTIMATE OF THE P A R T I A L  BAROMETRIC 
COEFFICIENT OF INTEGRAL MULTIPLICITY FOR 
THE NEUTRON COMPONENT OF SECONDARY 
COSMIC R A Y S  

L. I. Dorman / I /  introduced the concept of the par t ia l  barometr ic  
coefficient of integral  multiplicity m'!i?,h) of secondary -particle production, 
defined by the equation J ' (Q ,h , '  =-dm'(R,h)lm'(t',h)d . 
of the multiplicity function ml(R,h) for  the neutron component of secondary 
cosmic r ays  involves cer ta in  difficulties. 
tion ofy ' (R,h) ,  given as a function of the intensity barometr ic  coefficient 
pic ( h )  and the coupling coefficient W;. (P,h) ,  namely, 

The theoretical  calculation 

We propose an alternative defini- 

For this  purpose we f i r s t  derived the empir ical  relationships (from the 
experimental  data of /2 ,  3 /  for the period of minimum solar  activity): 

I ,  
(2  1 J i , ( h e ) = -  a+gR, - L/mb [+-0.01 % / m b l ,  

a = 1.216 t 14.75-10-5 he 
8 =-0.832.10-2+2.09.10-5 h f  

0 sRpI5 G V ,  6 8 0 m b 9  h, -C IOOOmb; 

W,:(R,,he) = A  (3) 

where R c  is the geomagnetic cutoff rigidity a t  the point of observation, GV 
Let us assume  that,  a t  R c . c  1 5 G V ,  R c -  R .  

Numerical values of A ,  I. B and k 
- 

Solar minimum activity ! A  

~ I 

Neutron component 
hl = 1000 mb 
Neutron component 
h, = 680 mb 

169.4 

394.2 
- ~~ 

I 

1.472 

1.660 

B 

224.2 

618.8 

k 

0.679 

0.840 

Approximation 
error, 
[loIGV 

+ 0.2 

i 0.3 

Boundary 
conditions 

Rc*2.5 G V  

RT 2.5 G V  
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After substituting ( 2 )  and (3)  into (l), we get 

In the range Rc-R - 10 GV expression (4)  reduces to  

Expressions (4) and (5) thus provide the means of calculating f i ' (Q, ,h , )  for  
observation conditions under which the equations fo r  pLc(he) and W,; ( R ,  he) 
a r e  valid. 
correction in the observed cosmic -ray variations [ b 3 : , ( b ) / 7 ; ( h ] o b ,  according 
t o  the  observation conditions, the primary-variation spectrum $613, and 
i t s  time changes for variations of different types. 

This makes i t  possible to allow accurately f o r  the barometr ic  

The coefficients A, r ,  B, and k a r e  specified in the table. 

B i b l i o g r a p h y  

1. D o r m a n ,  L. I.- Geomagnetizm i aeronomiya, 6(6):1096. 1966. 
2 .  B a s h e l e t ,  F., P. B a l a t a ,  E. D y r i n g ,  and N. J u c c i . -  Nuovo 

3 .  W e b b e r ,  W.R.  and J .J .  Q u e n b y . -  Phi l .  Mag., 4(41):654. 1959. 
cimento, 35, 23 .  1965. 
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V .  A. El ' t ekov  and V .  F .  Niki t in  

COMPARATIVE ANALYSIS OF DIFFERENT 
GEOMAGNETIC-FIELD MODELS 

At the Scientific Research Institute of Nuclear Physics of Noscow State 
University a computer was used to calculate the ver t ical  distribution of 
the e a r t h ' s  magnetic field within 3000 and 25,00Okm, and 2 7  isoclinic maps 
were plotted for  these heights. 
of 1960.0 by means of 48 Gaussian constants.  
calculations for  the magnetic field a t  any point in space,  instead of a 
G a u s s i a n  s e r i e s  u se  is normally made of various approximation models for  
the geomagnetic field strength B. 

a t  low altitudes a Gaussian s e r i e s  with a fair ly  l a rge  number of t e rn i s  is 
required.  
altitudes above 12,000 km. 
satisfactorily calculated f r o m  a dipole -quadrupole model. 
of the field-strength values calculated from an excentric dipole a r e  coni- 
parable to those in the dipole-quadrupole model. 
central-dipole model throughout the altitude range up to 25,000 km yield 
inaccurate resul ts .  

The calculations w e r e  made for the period 
In o r d e r  to simplify the 

Comparison of the approximation models with Gaussian s e r i e s  shows that 

A dipole -quadrupole -0ctupole model yields good r e su l t s  for  
At altitudes above 15,000 km the values of B a r e  

The deviations 

Calculations made with a 
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S. A. Bel'skii 

THE METEORIC VARIATION OF COSMIC R A Y S  
N E A R  THE NEW SOLAR-ACTIVITY P E A K  IN 
1967 -1 968 

It is shown that a meteoric variation of cosmic r a y s  occurred near  the 
new solar-activity peak of 1967- 1968. 
activity peak i n  1957- 1959, the effect manifests itself as a cosmic-ray 
increase  against an overall  background decrease .  
conforms to the mechanism of meteoric cosmic - ray  variation proposed 
ea r l i e r ,  according to  which meteor s t r e a m s  contain regular  magnetic fields, 
produced by the flux of charged micronieteors through the interplanetary 
plasma which ac t  as t raps  (tunnels) for  cosmic r ays .  rhrough these tunnels 
so la r  and galactic cosmic r a y s  may c r o s s  the modulation cloud of magnetic 
inhomogeneities and penetrate into the orbital  region of the ea r th  with a 
density higher than in the  surrounding space.  Due t o  the  interaction of the solar 
wind with the magnetic fields of the meteor s t r e a m s  the la t te r  a r e  stretched 
radially and driven far out by the so la r  wind, forming a kind of i n t e r -  
planetary magnetic -field generator.  
t r a v e r s e s  the meteoric magnetic fields, a roughly sec tor ia l  field s t ruc ture  
should be observed. 
meteoric magnetic trap,  a cosmic-ray increase  should occur with a back- 
ground dec rease  due to the shielding of the ea r th  by the regular  magnetic 
field of the meteor s t r eam,  or only the decrease w i l l  be noted i f  therc  a r e  
no trapped par t ic les .  
r a y s  suggest that many c a s e s  of the Forbush effect and of increases  at 
Forbush-effect minima a r e  caused by meteoric variations due to  indiL-idual 
meteor  s t r eams .  

As  during the previous s o l a r -  

The pa t te rn  displayed 

When the ea r th  or a spacecraft  

On earth,  as a resu l t  of the par t ic les  caught in the 

The data obtained on the nietcoric variation of cosmic 
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S e c t i o n  V I  

M E T H O D O L O G I C A L  P R O B L E M S  

E d i t e d  b y  V .  A .  D e r g a c h e v ,  I .  N .  K a p u s t i n ,  
and  G .  E .  K o c h a r o v  





Yu. I .  Serebrennikov 

STATISTICAL ANALYSIS OF HYPOTHESES 

Statist ical  analysis of hypotheses is a n  important branch of mathematical  
s ta t is t ics ,  where the problem of interpreting the disagreement between 
experimental  r e su l t s  and predictions or the disagreement between the 
r e su l t s  of "parallel" experiments is investigated. This  interpretation can 
be formulated in t e r m s  of a se t  of hypotheses. 
discrepancy as the consequence of natural  random fluctuations inherent in 
the r e su l t s  of the experiment.  This hypothesis is called the null hypothesis 
and is designated by H,. The other hypotheses, of physical or methodologi- 
cal  nature ,  a r e  combined in mathematical  s ta t is t ics  into one hypothesis called 
the alternate hypothesis (designated by HI) .  The aim of statist ical  analysis  
is to determine out of two possible hypotheses H, and H, the more  probable 
one. 

One of these explains the 

BASIC DEFINITIONS AND TERMINOLOGY 

The main assumptions of the theory of probability and of mathematical  

1. Random event. 
s ta t is t ics  w i l l  be discussed briefly. 

concept of a random event. 
occur or not a s  a resul t  of the realization of a se t  of conditions, in the 
presence of which the event A can occur .  
ditions is called a t r ia l .  
nonoccurrence of the event A. 

2 .  
t r i a l .  
character ize  the possibility of the event A occurring in one t r i a l  the 
frequency W(A\=m/N is jritroduced. Performing many series of N t r i a l s  each, 
a se t  of frequencies is obtained. P rac t i ce  shows that this s e t  of frequencies 
becomes m o r e  and more  grouped around some positive number as N in-  
creases; this number is called the probability p(A) of a n  event A occurring. 
Obviously, 0 c p ( A k  1. 

3 .  The compound random event. The simultaneous occurrence in  one 
t r i a l  of two nonidentical events A and B is called the product event and is 
designated by the symbol A .  B. 
Events, which consist  of one event out of A and B occurr ing (it is immate r i a l  

The central  concept in the theory of probability is the 
A random event A is a n  event which can ei ther  

The realization of the set  of con- 
In one t r i a l  one cannot predict  the occurrence or 

The probability p(A) (or simply p )  of the event A to happen in one 
Let a t r i a l  be repeated N t imes and l e t  m appear  in N t r i a l s .  To 

For independent events p(A B)  = p(A) p(B). 

91 



which) o r  of both together, is called the sum of the even.ts and is designated 
by the symbol A+  B. In the general  ca se  p(A + B) = p(A) + p(R)+ p(A. B). 

dent t r i a l s ,  i n  which the probability of some random event is constant, is 
called the Bernoulli scheme.  If in the series of independent t r i a l s  the 
probability of a random event is not conserved, the situation is called the 
Poisson scheme.  If the probability of an event in some t r i a l  depends on 
the outcome of previous t r i a l s ,  the situation is called the AIarkov chain 
scheme. 

(designated by TX). A discrete  random variable is, as a rule,  the resul t  
of counting the appearance of a random event while repeating the t r i a l s .  
continuous random variable is the consequence of measurement  e r r o r s  o r  
of the natural  spread of some r e s u l t  due to the influence of many randon, 
factors .  

6 .  
characterization. 
P (m) determining the probability of obtaining the numerical  value m i n  one 
t r i a l .  
function p(x), so  that the product p(cr)drr determines the probability cf the 
event having a numerical  value in the interval froni 1 to xdc l r  in one t r i a l .  
In the Bernoulli scheme the probability of m events occurring i n  N t r i a l s  is 
given by the binomial distribution: 

4. Probabili ty scheme.  A situation consisting of a product of indepen- 

5. Random variable.  This can be discrete  (designated by M )  or continuous 

A 

The probability distribution of a random variable is i t s  complete 
For a discrete  random variable this is a discrete  function 

F o r  a continuous random variable this is the density distribution 

where p is the probability of event A occuring in one t r i a l .  
p - o , i . e . ,  when pN- 1, the asymptotic form of the binomial distribution 
corresponds to a Poisson distribution: 

For N--Q. and 

where R = N p .  
by a Gaussian distribution (normal distribution): 

A large c l a s s  of continuous random variables  a r e  described 

The normaldistribution a s sumes  a universal  form,  i f  instead of x the 

normalized deviation I = is introduced: 

The probability of a random variable being the r e su l t  of one measurement 
in some interval m,L men,? or X , L  x s  z2 is given by 
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7. Numerical character is t ics  of a random variable (the pa rame te r s  of 
i t s  distribution). 
sp read )  is the mathematical expectation M(m)=rsj = z m  P(m),M(z)=i$xpfddz 

(summation and integration over all possible values of the random variables) .  
F o r  a binomial distribution 1 = N.p, for  a Poisson distribution M (m) = +, for  
a normal  distribution Z=a ,7=0. The pa rame te r  that character izes  the 
spread of a variable is the variance D ( m ) = & ( m  -6i)'P(m), D[z)=~@-~,l~&bk . For 

the binomial distribution Dlml- N p I 4 - p ) = N p . q ,  (q=!-d,  fo r  the Poisson distribu- 
tion D (m) = E,  and fo r  the normal  distribution Db) = 6'. B(z) = 1. 
deviation is defined as 6(z) = + m). 

The expected value of a random variable (the center  of the 

The standard 
The relative deviation is 6(x) - 6 O / f .  

<Z> 

The median of a random variable z is defined by the equation 

;$;(I) c i =  = 4/2 . 
pi+& = 

-OD 

8. The est imate  of the numerical  values of pa rame te r s  characterizing 
a random variable f rom experimental  r e su l t s .  The experiment consis ts  
of n independent measurements  of the random variable x .  If the experi-  
mental r e su l t s  a r e  5 1 ,  r2... T;... rrrr the best  unbiased est imates  of M ( + )  
and D (2) a r e  the following quantities: 

GENERAL APPROACH TO THE STATISTICAL 
ANALYSIS O F  HYPOTHESES 

The basic idea of the statist ical  analysis of hypotheses can be formulated 
briefly in the following way. It is f i r s t  assumed that the null hypothesis 
(Ho) is t rue.  
mental  values f rom the expected ones a random variable 4 is introduced 
(this is the measu re  of the discrepancy between the experiment and the 
expected values, and can be discrete  o r  continuous); i t s  probability 
distribution p,,iC) can be determined from the validity of H,. 
experimental  r e su l t s  the numerical  value 5 .  of the random variable < re -  
corded in the experiment is determined. 
with the function pu.(&) and the null hypothesis has  to be rejected a s  being 
false .  
approximation H, can be assumed to be t rue .  
called the t e s t  of agreement.  
far away f r o m  the mathematical expectation M (C) =l<.p,.(<)d< and falls into the 

region of 0 ; the probability )3 of their  occurrence f rom the point of view of 
hypothesis Ho is so small ,  that the occurrence of &, in this region in one 
t r i a l  is practically negligible. If the probability p (called the confidence 
level)  is given, then for  the pract ical  solution of the problem whether there  
is o r  is not a contradiction between t and p,(z) the region of all possible valuea 

For the description of the random deviations of the experi-  

F rom the 

The value 5. can be in contradiction 

If the value of <. does not contradict the function p..(<), then inthe f i r s t  
The random variable is often 

.$and FU.(t) contradict  each other if <, is too 
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values of & is divided in two: the statist ically insignificant .$,s 6s &; and 
the statist ically significant < 5 &$and < 7, 4;. The boundary values .$' and 
2; are determined according to the confidence level B specified f rom the 
following relation: 

P 

where d is a pa rame te r  less than unity, 0 - ~ d 6  1. 
the statist ically significant region, i t  is assumed that t he re  is a contradic- 
tion between t,, and pa(.$), and the null hypothesis is rejected.  

F r o m  the abovesaid i t  is clear that if  the hypothesis H, is t rue,  then in a 
s ta t is t ical  analysis  i t  can sti l l  happen that i t  will be rejected as being 
false. The probability of such a wrong conclusion, i.e., a so-called 
e r r o r  of the f i r s t  kind is obviously equal to the confidence level p . In the 
s ta t is t ical  analysis of hypotheses a n  e r r o r  of the second kind occurs  when 
the alternative hypothesis, which is true,  is rejected.  This occur s  when 
the alternative hypothesis (HI) is true,  but the value of <o falls  into the 
statist ically insignificant region. 
second kind should be kept as small  as possible.  This is achieved by a 
suitable choice of one or another variant of the random variable 6 and an 
optimum choice of the l imits  of the significant and insignificant regions of 
i t s  values. F o r  the investigation of the l a s t  possibility i t  w i l l  be assumed 
that the alternative hypothesis is t rue and that the random variable is 
determined by the probability distribution p", (2) z p w . , ( ~ ) .  The distribution 
pH,(&) is shifted with r e spec t  to pH.(;.) to the left o r  to the right; for  con- 
c re t eness  the following case  w i l l  be investigated (Figure 1). In this ca se  
the probability of making an e r r o r  of the second kind is given by 

If <- turns  out to be in 

The probability of making an e r r o r  of the 

The quantity P(i$ is called the power of the tes t  6 ,  0 s P(<j)s 1. 
power of the t e s t  increases ,  the probability of making a n  e r r o r  of the second 
kind dec reases .  

An increase in the power of the tes t  can  be achieved by a suitable choice 
of the boundary values .$ and 6; which a r e  determined by the choice of the 
pa rame te r  d in (8). The value of dis generally chosen as being equal to 0, 
0.5 or  1. The value d =  0.5 leads t o  the so-called two-sided variant of the 
test ,  if both values & ,  and It can be seen f rom Figure 1 and 
expression (9) that in the present  example d =  0 (one-sided, in this ca se  
right-handed, t e s t )  leads to an increase in the power of the tes t  of making 
an e r r o r  of the f i r s t  kind a t  a constant value of the probabi l i typ.  

Thus, the use  of a one-sided test  should be always attempted. 
is known about the distribution p&) relative to p&), i t  is recommended to 
determine the one-sided test  by using the experimental  values of 4. and the 
median (27, for  the distribution pa($). 
handed t e s t  should be used, and vice ve r sa .  
i t  is known that the power of tes ts  i ircreases with the number of 
measurements  n .  

As the 

a r e  finite. 

If nothing 

If it turns  out that k.>< a,,, a r ight-  
In addition to the abovesaid 
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c 

d = O  
Optimum variant 

FIGURE 1. Two-sided and one-sided tests. The arrows indi- 
care the boundaries of the statistically insignificant regions. 
The area below the curve p,,(€,) is shaded by horizontal lines. 
The cross-shaded area is numerically equal to  the probability 
of an error of the second kind for a two-sided test. The area 
shaded by vertical lines is equal IO the probability of errors 
of the First kind for a two-sided test. 

The numerical value of the confidence level p is generally chosen in the 
interval O.Ol'g~O.05. 
tes t  the power of the latter i nc reases  with ~3 and vice ve r sa ,  i.e.,  with an  
increase in the probability of admitting an e r r o r  of the f i r s t  kind the 
probability of making an e r r o r  of the second kind dec reases .  Therefore,  
the numerical value of the confidence level -6 should be chosen according to 
physical considerations of tolerating an e r r o r  of one or another kind. 

F rom Figure 1 and ( 8 - 9 )  i t  follows that fo r  a chosen 

NONPARAMETRIC TESTS 

There exist tes ts  which enable the analysis of measurements  of a 
random variable I, i .e . ,  tes ts  which can possess  any distribution. Such 
t e s t s  a r e  called nonparametric. Two of these w i l l  be discussed he re :  
the sign tes t  (which lends itself to a complete analytical investigation) and 
the Wilkinson test .  

The sign test .  
influence of a controllable external factor s upon some property of the 
object under investigation, for  example, the physical or chemical propert ies  
of mater ia ls  or the activity of living organisms, the influence of improve-  
ments upon the performance of some equipment, etc.  The investigated 
property of the object is measured quantitatively and is thus described by 
some r.andom variable 1 ,  .which possesses  a probability distribution p(.z). 
F r o m  the point of view of mathematical s ta t is t ics  the problem is reduced 
to determining the influence of the factor 
experimental investigation of this problem N p a i r s  of objects are taken 
and one object is subjected to the action of the factor f. 

This tes t  is used when one studies the qualitative 

upon the function ~ ( 2 ) .  F o r  the 

The experimental  
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r e su l t s  of the random variable T a r e  tabulated as follows: 

Pair 
number 

1 
2 
3 

i 

X 

Assuming the validity of the null hypothesis, i .e. ,  assuming 

P("., = P("b),  (10) 

the tes t  b is chosen as the number of sign differences of x - x r  which is 
smaller .  Let u s  assume for  concreteness that the number of (+) signs is 
smaller ,  and le t  u s  denote this number by m(+) ( k - m ( + ) ) .  If (10) is valid, 
the probability of obtaining a (+) sign p+ or  a ( - )  sign p -  a r e  equal to one 
another p+ = p-  = 112, since p+ + p-  = 1 (the probability of an exact 
equality between x L  and rJ. vanishes if I is a continuous variable).  
the probability that in N independent pairs ,  i .e. ,  in  h/ independent experi-  
ments,  a (+) sign wi l l  appear m(+) t imes  is described by a binomial 
distribution. 

Then 

Thus the 'hul l"  distribution P,, [m(+)l is given by 

Using in this case a left-handed tes t  and choosing a confidence level p,  the 
l imit  value mi (+) can be determined f rom 

'The solutions of an  equation of the type (12)  a r e  tabulated and the values of 
$(+) (or of m i ( - ) )  fo r  known N and p can be found (Table 1). 
out that the number of (+) signs observed in the course  of an  experiment i s  
m.(+)~ $'(+I, the null hypothesis is rejected,  and the influence of the factor 
upon the investigated property of the object is established. 
then in genera l  two assumptions can be made: either the null hypothesis 
is t rue,  or the alternative hypothesis is true af ter  all, but the influence of 
the factor 
P,,[m(+g and PM.[m(+)] is masked by the random fluctuations. 

If i t  turns  

If m.(+) =- mj(+),  

upon the quantity x is smal l  and the difference between 
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TABLE 1. The  limit values of mk (t) for the sign rest (left-handed test) 

I 
N t- 

I 

I 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
I1 
I2 
I3 
I4 
I5 
I6 
I7 
I8 
I9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4a 
41 
42 
43 
IC* 
45 

0.01 

0 
0 
0 
0 
I 
I 
I 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 
6 
6 
6 
7 
7 
7 
8 
8 
9 
9 
9 
IO 
IO 
I1 
II 
II 
I2 
I2 
I3 
I3 

f N  
Confidence level J3 
i 0.05 f 0;IO i 0.25 , 

. -  

46 
47 

0 4 8  
0 49 

0 0 50 
0 0 I 51 
0 0 I 52 
0 I I 53 
I I 2 54 
I I 2 55 
I 2 3 56 
2 2 3 5 7  
2 3 3 58 
2 3 4 59 
3 3 4 60 
3 4 5 61 
4 4 5 6 2  
4 5 6 63 
4 5 6 6 4  
5 5 6 65 
5 6 7 66 
5 6 7 6 7  
6 7 8 68 
6 7 8 69 
7 7 9 70 
7 8 9 71 
7 8 IO 72 
8 3 IO 73 
8 9 IO 74 
9 IO I1 75 
9 IO I1 76 
9 IO I2 77 
IO I1 I2 78 
IO I1 I3 79 
II I2 I3 80 
II I2 I4 81 
I2 13 I4 E2 
I2 I3 I4 83 
I2 I3 I5 84 
I3 14 I5 85 
I3 I4 I6 86 
I4 I5 I6 €2 
I4 I5 I 7 8 8  
I5 I6 I7 89 
IS I6 I8 90 

Confidence level fl ! -  
0.01 0.05 i 0.10 i 0.25 
I3 I5 I6 
I4 I6 I7 
14 I6 I7 
I5 I7 I8 
I5 I7 I8 
I5 I8 19 
I6 18 I9 
I6 18 20 
I7 I9 20 
I7 19 20 
I7 20 22 
I8 20 21 
I8 2I 22 
I9 21 22 
I9 2I 23 
20 22 23 
20 22 24 
20 23 24 
21 23 24 
21 24 25 
22 24 25 
22 25 26 
22 25 26 
23 25 27 
23 26 27 
24 26 28 
24 27 28 
25 27 28 
25 28 29 
25 28 29 
26 28 30 
26 29 30 
27 29 31 
27 30 31 
28 M 32 
28 31 32 
28 3 I  33 
29 32 33 
29 32 33 
30 32 34 
30 33 54 
32 33 35 
31. -34 35 
31. 34 36 
32 35 36 

18 
19 
19 
19 
20 
20 
21 
21 
22 
22 
23 
23 
24 
24 
25 
25 
25 
26 
26 
27 
27 
28 
28 
29 
29 
30 
30 
31 
31 
32 
32 
32 
33 
33 
34 
34 
35 
35 
36 
36 
37 
37 
38 
38 
39 

Here a r i s e s  the problem of the sensitivity of the sign tes t ,  and a l so  of 
other tests. The influence of the factor r may finally lead to a sma l l  change 
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A ( - ~ s A s + $ )  - in the probability of a (+) sign appearing in each pair  of objects. 

The definite observation of the case In1 7 0 will occur when the probability of 
making a n  e r r o r  of the second kind is small ,  i.e., the power of the sign tes t  
is sufficiently high. 
fo rm 

For ( & I  > 0 the alternative distribution P,, [ ~ w J  h a s  the 

and the power of the sign t e s t  (left-handed) is in this  ca se  given 
bY 

If the numerical  value of A is known o r  given a pr ior i ,  the reliability with 
which the existence of A should be detected, i.e.,  the t e s t ’ s  power, and 
the probability of e r r o r s  of the f i r s t  kind a r e  given, then (12)  and (14) 
determine the conditions under which the sign tes t  w i l l  have the desired 
sensitivity. These conditions a r e  the number M of object pa i r s  required 
and the l imit  value m>(+). The solution of ( 1 2 )  and (14) shows that with all 
other conditions remaining the same  the requirement of increasing the 
power of the test  leads to a requirement of increasing the number of object 
pa i r s ,  and vice ve r sa ,  an increase in the number of p a i r s  N leads to a n  
increase in the power of the tes t .  
stood from Figure 1. From the abovesaid i t  is c l ea r  that the power of the 
tes t  i nc reases  a s  the overlap of the distributions P.. and P,decreases.  An 
inc rease  in N leads to this effect, since the difference of the mathematical  
expectations of these two distributions inc reases  with N : ?%“,[+)-ea-[+) = 

= N(:+A)-N ~ = N . A ,  and the relative deviation 8-w of the two distributions 

Qualitatively this r e su l t  can be under-  

dec reases :  8,,= e- &, &,==$#($+8)=$fi/@. As an i l lustration of 

the solution of the system of equations ( 1 2 )  and (14) below are tabulated the 
number N of pa i r s  necessary to detect for  a given p a value of A with a 
confidence of 0.95:  

A 

-0.05 
-0.1 
-0.2 
-0.3 
-0.4 
-0.45 

- 

B = 0.01 

1177 
442 
106 
44 
24 
15 

B= 0.05 

1297 
321 

I 9  
35 

11 
12 

a = 0.1 

1080 
267 

67 
28 
1.3 
11 

In conclusion i t  should be noted that i f  the measurements  of the random 
variable x contain pa i r s  I; = r,.;, these a r e  e i ther  excluded f rom the analysis 
o r  the probl.em of choosing a (+) or ( - )  sign is decided by a to s s  of a coin. 
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Wilkinson test. A random variable x is studied experimentally; i t s  
probability distribution p(x) is unknown. 
Sniirnov and X2-test) is used when i t  is necessary to find whether the 
probability p(x) is constant with r e spec t  to the moment of repeated (or  
paral le l )  measurements  of x. Let  the f i r s t  s e r i e s  of measurements  contain 
n1 measurements  andthe second one n2. For convenience the measurements  of 
the f i r s t  s e r i e s  a r e  denoted by x:xl, x2,. . ., x,+ and the r e su l t s  of the second 
by y:y1, yz, . . .,y:*. 
according to their numerical  values.  
obtained: xyyxyxxy.. . (the indices are omitted). 
which y appears  before x in the variational sequence. 
the number of inversions is determined as follows: the f i r s t  x does not 
contribute an inversion, the second x contributes two inversions,  since in 
front of i t  a r e  two values of y, the third x contributes three,  e tc .  The sum 
of inversions of the variational sequence (in the above example there  are 8) 
is denoted by u. .This is a random variable and is used a s  a tes t  ( E -  u). 
Van d e r  Waerden f 1  f showed that assuming the validity of the hypothesis 
H, for  given nl, nz and p the value of up separating the statist ically 
significant f rom the nonsignificant regions of u can be determined by 
combinatorial methods. 
C ~ ~ ( U )  of the distribution P,,(u) can be calcuiated by combinatorial methods 
and a r e  equal to: 

The Wilkinson tes t  (a lso the 

Both s e r i e s  are combined and x and y are ordered 
A so-called variational sequence is 

An inversion is any case in 
In the above sequence 

The mathematical  expectation U and the dispersion 

The computations necessary for  the determination of up, specially for  
n1>> 1, n2 >> 1, a r e ,  however, quite tedious. Investigations of the rapdom 
variable u have shown that for  n l > 3 ,  n l+  nz>20 the distribution P,,. is quite 
close to a normal  distribution, so that without making an appreciable e r r o r  
i t  canbe assumed to be normal  nith pa rame te r s  given by (15). 

The further u s e s  of the Wilkinson tes t  a r e  s imi l a r  to those described 
e a r l i e r .  A s  in the case  of the sign test ,  the power of the Wilkinson tes t  
i nc reases  with an increase in nl  and n2; the exact determination of the 
power of this test  is difficult, since the distribution E’“, (u) is generally 
unknown. 
of a coin. 
of small  values of nl and nz. 
probability (expressed in percent)  of the random variable u being sma l l e r  
than o r  equal to the value in the table is given. 
x and y a right-handed tes t  can be converted into a left-handed one. 

For x = y  their position in the sequence is determined by a to s s  
In Table 2 a r e  given exact values of up for a given 0 in the case  

In Table 2,  in contrast  to other tables,  the 

However, by interchanging 

TABLE 2. Table of the limiting values u; for the Wilkinson test (left-handed test) 

. - .  ~~ . . . -. - . 

~~ 

Sample sizes nt and nz 

0 676 3.57 2178 I.&I.Y.@ -2.86 1.79 .I.I9 --0.83 0.6I 0.45 0.35 
I 4.44 3.64 3.03 3.57 2.38 1.67 1.21 0.91 0.70 
2 4.76 3.33 2.42 1.82 1.40 
3 G24 3.18 2.45 
4 5.00 3.85 

u t  1 2 ;  5 12; 612; 7 12; 8{2;-9:2;IOf3; 3 13; 4i3; 5 f3; 6 i3; 713;-6 (3; 9 13; I0 
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TABLE 2 (conr’d) 

0 1.43 
I 2.86 
2 
3 
4 
5 
6 
7 
8 
9 

I O  
I1 

0.79 0.48 0.30 0.20 0.14 0.10 0.40 0.22 0.13 0.08 0.05 0.03 0.II 
1.59 0.95 0.61 0.40 0.28 0.20 0.79 0.43 0.25 0.16 0.10 0.07 0.22 
3.17 1.90 1.21 0.8I 0.56 0.40 1.59 0.87 0.51 0.31 0.20 0.13 0.43 

3.33 2.12 1.41 0.98 0.70 2.78 1.52 0.88 0.54 0.35 0.23 0.76 
3.64 2.42 1.68 1.20 4.76 2.60 1.52 0.93 0.60 0.40 1.30 

3.64 2.52 1.80 4-11 2.40 1-48 0.95 0.63 2.06 
3.78 2.70 3.66 2.25 1.45 0.97 3.25 

3.80 3.26 2.10 1.40 4.65 
4.66 3.00 2.00 

4.15 2.76 
3.76 
4.46 

. .  . -  -~ 
Sample sizes nl and n2 

7- -. - - . . . - -. - - . . .- u ;  . .. 

j6; 716; 8; 6; 9 16; IOi7; .~ 7j7;  8 j 7 ; 7 ; 1 0 ! 8 -  ! 1. 8j8; .. . . 9 /8; I O  i9; - .  9; 9;IO iI0; . ~ .  .. I O  ~ 

0 0.06 0.03 0.02 0.01 0.03 0.02 0.01 O.OrO.01 0.00 
I 0.12 0.m 
2 0.23 0.13 
3 0.41 0.23 
4 0.70 0.40 
5 1.11 0.63 
6 1.75 1-00 
7 2.56 1.47 
8 3.67 2.13 
9 2.96 

I O  4.06 
11 
I2  
I 3  
14 
I5  
I 6  
I7 
I 8  
19 
20 
21 
22 
23 
24 
25 
26 
27 

0.04 
0.08 
0.14 
0.24 
0.38 
0.60 
0.88 
1.28 
1.80 
2.48 
3.32 
4.40 

0.02 0.06 0.03 0.02 
0.05 0.12 0.06 0.03 

.0.09 0.20 0.11 0.06 
0.15 0.35 0.19 0.10 
0.24 0.55 0.30 0.17 
0.37 0.67 0.47 0.26 
0.55 1.31 0.70 0.39 
0.80 1.89 1.03 0.58 
1.12 2.65 1.45 0.82 
1.56 3.64 2.00 1.15 
2.10 4.87 2.70 1.56 
2.80 3.6I 2.09 
3.63 4.69 2.74 
4.61 3.56 

4.54 

0.01 0.02 0.01 0.00 0.00 
0.02 0.03 0.02 0.01 0.01 
0.04 0.05 0.03 0.02 0.01 
0.06 0.09 0.05 0.03 0.02 
0.10 0.15 0.08 0.04 0.04 
0.15 0.23 0.12 0.07 0.06 
0.23 0.35 0.19 0.10 0.09 
0.34 0.52 0.28 0.15 0.14 
0.48 0.74 0.39 0.22 0.20 
0.68 1.03 0.56 0.31 0.28 
0.93 1.41 0.76 0.43 0.39 
1.25 1.90 1-03 0.58 0.53 
1-65 2.49 1.37 0.78 0.71 
2.15 3.25 1.80 1.03 0.94 
2.77 4.15 2.32 1.33 1.22 
3.51 2.96 1.71 1.57 
4.39 3.72 2.17 2.00 

4.64 2.73 2.52 
3.38 3.13 
4.16 3.85 

4.70 

0.00 
0.01 0.00 
0.01 0.01 
0.02 0.01 
0.03 0.02 
0.05 0.02 
0.07 0.04 
0.10 0.05 
0.15 0.08 
0.21 0.10 
0.28 0.Ik 
0.38 0.19 
0.51 0.26 
0.66 0.34 
0.86 0.45 
1.10 0.57 
1.40 0.73 
1.75 0.93 
2.I7 1-16 
2.61 1.44 
3.26 1.77 
3.94 2.16 
4.74 2.62 

3.15 
3.76 
4.46 

TESTS FOR THE ANALYSIS O F  NORMALLY 
DISTRIBUTED RANDOM VARIABLES 

1. Random choice of the experimental  point. The simplest  case 
occurring in an experiment will be discussed. 
dependence F(t) be plotted on the basis  of N independently obtained 
experimental  points. Fo r  any fixed value t = t ,  the function (F(t i )  due to 
experimental  reasons wi l l  be a random variable,  whose fluctuations are 
normally distributed with a standard deviation S(t;) determined f rom the 
experimental  r e su l t s .  

Let some experimental  
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FIGURE 2. An appreciable deviation of one experimental point 
from the smooth dependence Fort). 

In the course of the experiment i t  is found that the experimental points 
a r e  satisfactorily described by some expected function Fq (t); however, one 
point F(t;) deviates appreciably f rom F,(t:) (Figure Z ) ,  s o  that 

For the interpretation of this resul t  i t  is necessary,  a s  before, to 
establish the presence or absence of a contradiction between the resul t  (16) 
and the null hypothesis. 

experimental  points having a normalized deviation Izl = ' F ( ~ { ~ ~ ~ * L ) $ z o  has  to be 

computed. Lf i t  turns out that P(lnl 3i1.)~)3 (where p is the confidence level) ,  
this means that is in a statist ically significant region which contradicts 
the null hypothesis, and the la t ter  is rejected.  
Y l Z l  >Zo)>j3, then z,, is in a statist ically nonsignificant region and the null 
hypothesis is assumed to be valid. 
value of t i  the normalized deviation zi w i l l  satisfy the condition IZ+Z. can be 
readily calculated : 

In o rde r  to do this the probability of one of the N 

If it is found that 

The probability that for some fixed 

where $(t)=&F-'bi! is the probability integral .  In view of the fact  that 

p(ri) is normal the probability of ~ i f t l z t ~  is the same  for  all experimental  
points. 
measurements  with the same probability P,, and the case  a t  hand is 
identical to  that of Bernoulli. 
experimental  points should satisfy the inequality 1 zil s I, can be calculated 

Therefore the event Irilor. can occur for any of the N independent 

The probability that one point out of N 
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f rom the binomial distribution: 

P( N, i) = N! Po ( f -P.)"-'= N . P .  ( 4 - Po) 1" 
(N-4)! 

As an  example, le t  u s  take the case  N = 10, t .= 3. 
P, = 0.0027,  i .e.,  P(10, 1) = 0.026.  
null hypothesis cannot be rejected.  
boundary value IZpl 
experimental point out of N can be calculated f rom P(N,  1)= p .  
given the values of /?pi f o r  different numbers  N of experimental points and 
fo r  p=O.O2: N = 2 0 , 4 0 , 1 0 0 , 1 0 0 0 ;  12.~1=3.3, 3.5, 3.7, 4 .2 .  

Thus, fo r  an  appreciable number of experimental points (N > 10) whose 
position can be described by a smooth function F,(t), the deviation of one of 
the points by 3 6 f r o m  F,(t) in one measurement  is not a statist ically 
significant resul t .  
out of N experimental points by .U5 f rom the curve F,(t) is due to some 
effect, the reliable determination of the la t ter  is possible only in a repeated, 
independent experiment.  

2 .  Z2-test. a. Let a random variable x, which obeys a normal distribu- 
tion with a mean Z = a and a standard deviation 6, be measured n t imes.  
The experimental r e su l t s  a r e  xi, xz, . . ., x, . . . x.. In o rde r  to character ize  the 
total spread of the experimental values xi  around the mean a quantity X 2  is 
introduced, which corresponds to the sum over a l l  measurements  of the 
square  of the normalized deviations zi -(xi- a)/c : 

According to (17) 
This value is of the o rde r  of p and the 
F r o m  (18) for  a given value of p the 

satisfying IZ;l71+\ for the fluctuation of one 
Below a r e  

If there  is a suspicion that the deviation of one point 

Sometimes not all n measurements  of the random variable x a r e  used in the 
analysis, but only those which satisfy some definite conditions, for example, 

E,ri = c or F(xl,xz, .  . .> x,) = 0, etc.  

(relations) is denoted by s. 
k = n- s ,  which is called the number of degrees  of freedom. 
of degrees  of freedom k is a parameter  determining the probability 
distribution p(X2) of the random variable X 2  121 :  

The number of such conditions 

Then the random variable is characterized by 
The number 

2 where 
also determined by the number of degrees  of freedom M(X2)= k, D(X2)= 2k, 
and Mo(X2) = k-2  (M, is the most probable value). The curve p(X2) for 
several  values of k is shown in Figure 3. The random deviations of the 
experimental resul ts  from the expected r e su l t s  can sometimes a l so  be 
described by the X2-test when i t  is used as a tes t  of agreement ( E :  - X 2 ) .  

distribution. 
random quantity x (after n independent measurements )  is represented by a 
histogram (Figure 4), where m,!x) is the number of cases  in which the 
variable x was found to be in the i- th interval of width Ax, 1 c i c e .  

is the gamma function. The numerical  character is t ics  of p(X ) a r e  

b. Comparison between an empir ica l  and a theoretical probability 
The experimentally observed probability distribution of some 

The 
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histogram i s  compared with the theoretical prediction, whose ordinates 

a r e  m:(z)= n.J;:z)dz, where p, (x) is the theoretical  probability distribution 

of x, and x , ~ m , i d = ~ ' m : ( ~ ) .  

cated by a dashed l ine.  
the theoretical one in Figure 4 can be tested by a X2-test. 
interval in the histogram in Figure 4. 
m;(x) in this interval is a specific value of the random variable m;. 

I 
In Figure 4 the theoretical  distribution is indi- 

' .l  

The deviation of the experimental  distribution f rom 

The experimentally observed value 
Let u s  take one 

FIGURE 3 .  Probability density p (XI) for 
k (number of degrees of freedom) = 1,2 
and 6. 

FIGURE 4. 

line) histograms. 
Experimental (solid line) and the theoretical (dashed 

Let u s  determine the probability distribution of m:. 
the random variable x a r e  performed under identical conditions, so that i t s  
t rue distribution is constant during the measurements .  Therefore,  the 
probability pi of observing in one measurement  the random variable x in 

the i- th interval is p,  = j p d d r  = const. 

independent, the fluctuations of mi a r e  described by a binomial distribution: 

All measurements  of 

Since the N measurements  a r e  
I; 

where ZL=,Vpi is the mathematical expectation of m:. 
width Ax, where pc << 1, and a sufficiently high number of s ta t is t ical  
values N,  when everywhere m i  >> 1, the distribution (21)  has  the asymptotic 
form: 

For a sma l l  interval 

whose dispersion is sYm:J=E,'. 
conditions a r e  satisfied, in each of the I intervals of the histogram the 
ordinates m i  (x) obey a normal  distribution, but with different pa rame te r s .  

It thus follows that when the above 
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If, however, the normalized deviations I; =(m~-r?i$Tm~)4m:-E$@ a r e  used, a l l  of 
them obey the same normal distribution with the parameters  3: = 0, 6(2:) = 1: 

c 
Consequently, the sum over a l l  the C intervals  g(zi)* ( f i a r e  he re  the 

experimental  r e su l t s )  is the value X 2  (see (19)) .  
deviations of the measured ordinates E i ( x )  of the histogram f rom their  
mathematical  expectations m:(x) in a l l  t intervals  of the histogram can be 
described by a single random variable: 

In other words,  the random 

e x z  = 2 +f. 
L =f 

Returning to +e interpretation of the discrepancy between theory and 
experiment,  described graphically in Figure 4, the validity of the null 
hypothesis wi l l  be assumed a s  before. 
predict the mathematical  expectations of a l l  m i ,  i t  w i l l  be assumed that 

5; = m;. The value X z - i  8 (24) descr ibes  the random fluctuations of all  

m ,  around m; with the normalization <,m -ip-, s = 1 (one constraint), and 

this 7' has k = e-  1 degrees  of freedom. 
theory and experiment in Figure 4 is taken the 'X2 with k =  C- 1 degrees  of 
f reedom, so that py.( X z )  is determined. 

experimental  data 

Since a co r rec t  theory should 

r=l  

A s  a test  of the agreement  between 

In pract ical  applications of the X2-test, the value X 2  is calculated f rom the 

and a confidence level is chosen. 
that the theory provides a poor description of the experimental  data, and the 
boundary value (X'); is calculated from the equation 

A right-handed tes t  is used in the case  

The left-handed tes t  is used in cases  that the agreement  between theory and 
experiment s e e m s  to be too good and the i r  ex is t s  a suspicion of tampering 
with the data. In this ca se  (X')) is calculated from the equation 

As before, if 
possibility of biases  in the data is investigated), and if  X:is s tatist ically 
insignificant, i t  is assumed that the theory is valid. 
the danger that there  is a discrepancy between theory and experiment 
which is masked by random fluctuations. 
the experiment is compared with two (or more )  theories, and if in both 

is statist ically significant, the theory is rejected (or a 

There always exis ts  

It should be remembered that if 
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cases  the values of the X'. a r e  statist ically insignificant, their  values cannot 
be used for the selection of the more  "correct"  theory. 

The XP-test can be cri t icized on several  grounds: the choice of the 
histogram intervals is quite arbi t rary,  and there  is a l o s s  of somet imes  
vital experimental information by the grouping of the experimental r e su l t s  
into intervals.  In addition, the probability distribution of the number of 
counts in each interval is, s t r ic t ly  speaking, not normal (it is assumed that 
the deviations f rom a normal  distribution a r e  negligible for  mi(x)  2 5- 10, 
with smal le r  values of m i  i t  is recommended to combine neighboring in t e r -  
vals  of the histogram). 
and i t  is therefore recommended for  I:-values which a r e  statist ically 
insignificant to tes t  the resul t  by using other tes t s .  The necessity for 
additional checks can be established in a simple way. In each interval of 
the histogram in Figure 4 the sign of the difference between experimental  
and theoretical  values of the ordinate is determined. 
signs does not display any appreciable o rde r ,  this constitutes additional 
proof that the deviations between theory and experiment a r e  negligible. 
the sign distribution shows an apparent order ,  the r e su l t s  of the Xz-test 
should be regarded with suspicion. 

a known theoretical  dispersion E*. 
distribution having a dispersion 6' is studied. 
xi, x2, . . ., x,the experimental estimate of the dispersion s2(x) is computed, 
and i t t u rns  out that s2(x)+6'. The choice between the null and alternative 
hypotheses in o rde r  to explain the resul t  can be achieved by using the X*- 
tes t .  It is known / 2 /  that if the null hypothesis is valid, the random 

quantity (n-f) .  w' has  a r2-distribution with k = n- 1 degrees  of freedom, 

i.e.,  

All these factors  reduce the power of the Y'-test, 

If the sequence of the 

If 

2 c .  The comparison of an experimentally estimated dispersion s (x) with 
A random variable x with a normal 

F rom n measurements  

U . (-=I 

and consequently P",= p.( X i )  is determined. 
to the procedure discussed above. 

The X2 -test  as a tes t  of the homogeneity of two experimental d i s t r i -  
butions. The random variable x, whose probability distribution is unknown, 
w a s  measured nl t imes,  and from the measurements  a histogram, s imilar  
to that in Figure 4, w a s  plotted with L intervals;  m,i a r e  the ordinates and 

i , m , i  = n,. A repeated (or parallel)  experiment was performed with n2 

measurements  and once again a histogram was plotted, where mri a r e  the 

ordinates and E m f i =  nr. 

the same probability distribution p(x) (Ho hypothesis) or not (HI hypothesis)? 
This problem can be analyzed using the I"-test. A random quantity can  
be constructed / 2 /  which under the assumption of the validity of the null 
hypothesis descr ibes  the deviation of one histogram f rom the other .  
a ,YZ-distribution with k = f - 1 degrees  of freedom. 
form 

The further analysis is s imi l a r  

d.  

c 

'=7 
Can it be assumed that both histograms come f rom 

It h a s  
This quantity has  the 

1 1 1  



TABLE 3. Boundary values ( )!# for the Xz-test (right-handed variant) 

I 1 1  I 

I 0.05 1 0.01 iO.001 1 ' 1 0.05 f 0.01 1 0,001 B I 
I 1 f 0.05 I {OI 0.001 0.05 1 0.01 iO.001 

I 3.84 6.63 10.8 26 38.9 45.6 54.1 51 68.7 77.4 88.0 76 97.4 107.6 119.9 

K I  
I /3 I I  P 

2 5.99 
3 7.81 
4 9.49 
5 11.1 
6 I2b6 
'7 14.1 
8 15.5 
9 16.9 
IO 18.3 
I1 19.7 
I2 21.0 
I3 22.4 
14 23.7 
I5 25,O 
I6 26.3 
I7 27.6 
I8 28.9 
I9 30.1 
20 31.4 
21 32.7 
22 33.9 
23 35.2 
24 36.4 
25 37.7 

9.21 
11.3 
13.3 
15.1 
16.8 
18.5 
20.1 
21.7 
23.2 
24.7 
26.2 
27.7 
29.1 
30.6 
32.0 
33.4 
34.8 
36.2 
37.6 
38.9 
40.3 
41.6 
43.0 
44.3 

13.8 27 40.1 47.0 
16.3 28 41.3 48.3 

20.5 30 43.8 50.9 
22.5 31 45.0 52.2 

18.5 29 42.6 49.6 

24.3 32 46.2 53.5 
26.1 33 47.4 54.8 
27.9 34 48.6 56.1 
29.6 35 49.8 57.3 
31.3 36 51.0 58.6 
32.9 37 52.2 59.9 
34.5 38 53.4 61.2 
36.1 39 54.6 62.4 
37.7 40 55.8 63.7 
39.3 41 56.9 65.0 
40.8 42 58.1 66.2 
42.3 43 59.3 67.5 
43.8 44 60.5 68.7 
45.3 45 61.7 70.0 
46.8 46 62.8 71.2 
48.3 47 64.0 72.4 
49.7 48 65.2 73.7 
51.2 49 66.3 74.9 
52.6 50 67.5 76.2 

55.5 
56.9 
58.3 
59.7 
61.L 
62.5 

65.2 
66.6 
68.0 
69.3 
70.7 
72.1 
73.4 
74.7 
76.1 
77.4 
78.7 
80.1 
81.4 
82.7 
84.0 
85.4 
86.7 

63.9 

.._ 

52 69.8 
53 71.0 
54 72.2 
55 73.3 
56 74.5 
57 75.6 
58 76.8 
59 77.9 
60 79.1 
61 80.2 
62 81.4 
63 82.5 
64 83.7 
65 84.8 
66 86.0 
67 87.1 
68 88.3 
69 89,4 
70 90.5 
71 91.7 
72- 92.8 
73 93.9 
74 95.1 
75 96.2 

78.6 
79.8 
81.1 
82.3 
83.5 
84.7 
86.0 
87.2 
88.4 
89.6 
90.8 
92.0 
93.2 
94.4 
95.6 
96.8 
98.0 
99.2 

100,U 
101.6 
102.8 
104.0 
105.2 
106.4 

89.3 77 98.5 108.8 
90.6 78 99.6 110.0 
91.9 79 100.7 111.1 
93.2 80 101.9 112.3 
94.5 81 103.0 113.5 
95.8 82 104.1 114.7 
97.0 83 105.3 115.9 
98.3 84 106.4 117.1 
99.6 85 107.5 118.2 
100.9 86 108.6 119.4 
102.2 87 109.8 120.6 
103.4 88 110.9 121.8 
104.7 89 112.0 122.9 
106.0 90 113.1 124.1 
107.3 91 114.3 I25e3 
108.5 92 115.4 126.5 
109.8 93 116.5 127.6 
111.1 94 117.6 128.8 
112.3 95 118.8 IMeO 
113.6 96 119.9 131.1 
114.8 97 121.0 132.3 
116.1 98 122.1 133.5 
117.3 99 123.2 134.6 
118.6 IO0 124.3 135.8 

121, I 
122.3 
123.6 

126.1 
127.3 

129.8 
131.0 
132.3 

124.8 

128.6 

133.5 
134.7 
136.0 
137.2 
138.4 
139.7 
140.9 
142e1 
143.3 
144.6 
145e8 
147.0 
148.2 
149.4 
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Thus pH.(;xIz) is determined, and calculating X,' f rom (29) and choosing a 
confidence level p, i t  can be determined whether the deviation between the 
two h is tograms is significant o r  not. 
for  a right-handed test  for different values of k and p .  

is used in the analysis of the agreement between theoretical  and experi-  
mental  histograms, motivates u s  to verify the resulr. ($< (Xz$) by other 
methods. For this purpose the 0' -test  is used, whose mathematical  logic 
does not r a i s e  any critique and the experimental  r e su l t s  do not lose their  
individuality. The use  of this tes t  is, however, slightly more  complicated 
than in the case of the X'-test. 
mentally with the purpose of checking an assumed distribution p(x), whose 
analytical form is known. 
of x a r e  obtained. These values a r e  ordered according to their  numerical  
values, and a variational sequence is obtained X I <  xz< . . . < x,. 
data an  experimental  integral  distribution W,(x) is obtained. W,(x,) is the 
frequency of the occurence of events x < x ,  found f rom the variational 
sequence: 

In Table 3 the values of X .  a r e  l isted 

The cr i t ical  r e m a r k s  made concerning the zz-test, when i t  3 .  0'-test. 

A random variable x is studied experi-  

As a resul t  of the experiment n numerical  values 

F r o m  these 

\" ( z r s I s l r r * ) = k  , 1 4  K4 R - 4  9 ( 3 0 )  
W & ( Z L I f )  -0 

W m  (r T,,) -4  \ 
The distribution W,(x) (a s tep function increasing f rom 0 to 1 with an 
increase in xK) is compared with the theoretical integral  distribution P(x):  

and some disagreement is observed. 
hypothesis H ,  this disagreement can be described by the random variable 

Assuming the validity of the null 

k ? :  

After the range of integration in ( 3 2 )  is divided into n +  1 intervals in 
accordance with the length of the s teps  of W,(x), then using ( 3 0 ) ,  
expression ( 3 2 )  can be written a s  

which, af ter  some rearranging can  be written in a form convenient for 
practical  applications : 
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The exact distribution pHo(d)of the random variable w2 is quite compli- 
cated and is given in the original a r t i c l e s  only. It was established, 
however, that i f  the number of measurements  n >40, the distribution of 
the product ne 2 is close to some asymptotic fo rm f rom which the 
boundary values (n * w2 );(right-handed t e s t )  can be calculated for different 
values of the confidence level p :  

0.1 0.05 0.03 0.02 0.OI 
0.4614 0.5489 0.6I98 0.7435 ( n w j j  ?* 0.3473 

In pract ical  applications of the w2 -test  the value of (n . w2 ) is calculated 
according to (33) f rom the values xK of the variational sequence and com- 
pared with the above table. 

4. The Student test. a. Random variable t .  In o r d e r  to es t imate  the 
random deviation of the statist ical  estimate of the mathematical  expectation 
E, f rom the t rue mathematical  expectation j i  of a random variable x which 
obeys a normal  distribution with a n  unknown dispersion, Student introduced 
the random variable t :  

where n is the number of measurements  of x and S(a) is the s ta t is t ical  
es t imate  of the standard deviation. 
by Student and has  the shape: 

The density distribution p(t) was derived 

where k =  n- 1 is the number of degrees  of freedom of t and l’ is the gamma 
function. 
coincides with the normal  distribution with a mean of ze ro  and a standard 
deviation of unity. 
pract ical  situations the random variable t can be used as a goodness of fit 
tes t .  

b. 
expectation with theoretical  predictions. 
significance of the detected deviation 2 f z  (E is the theoretical  prediction) 
the random variable t should be used. F rom (34) is calculated the experi-  
mental  value of the Student cr i ter ion t,, and for  a given value of confidence 
level p the boundary value tp  is calculated from (35). 
handed t e s t  tp is found f rom the following equation: 

The distribution p(t) is bell-shaped, and for  n > 30 i t  practically 

For sma l l e r  values of n, p(t) becomes f la t ter .  In some 

The comparison of a n  experimentally determined mathematical  
For the est imate  of the statist ical  

Thus, fo r  a r ight-  

The values of tp fo r  given values of k and p can be found in Table 4, where 
the absolute values of tp for a two-sided tes t ,  d= 112 in (8), and 
jt) l=lt j]=ISIdue to the symmetry of p(t)  around ze ro  are given. 
of It,l in the table were derived from the equation: 

The values 
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Therefore, when finding the boundary value of ty (or of t)) for a given value 
of p in a one-sided tes t ,  a confidence level equal to 2/3 should be used in  
Table 4 .  
of systematic e r r o r s .  

The above tes t  can be used, when R is well known, in the search  

TABLE 4. The boundary values It , lfor the Student test (two-sided variant) 

K 

I 
2 
3 
4 
5 
6 
7 
8 
9 

I O  

I1 
I 2  
I 3  
I 4  
I5  
16 
I7 
I8 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

00 

C 

f 
1- 
! 0.3 ! 

I. 963 
1.386 
1.250 
1.190 
1.156 
1.134 
1.119 
1.108 
1.100 
1.093 

1.088 
1.083 
1.079 
1.076 
1.1774 
1.071 
1.069 
1.067 
1.066 
1.064 

1.063 
I .0B 
1.060 
1.059 
1.058 
1.058 
1.057 
I .OS6 
1.055 
I .055 

I. 03643 

. .  

0.2 

3.078 
1.886 
1.638 
1.533 
1.476 
1.440 
1.415 
1.397 
I. 383 
1.372 

1.363 
1.356 
1.350 
I. 545 
1.3U 
1.337 
I. 333 
1.330 
1.328 
I. 325 

1.323 
1.32I 
1.319 
1.318 
1.316 
I. 315 
1.314 
I. 313 
I.3II 
I. 310 

1.28I55 

B 

6.A4 I2.706 3 I . a  
2.920 
2.353 
2.132 
2.015 
I. 943 
1.895 
1.860 
I. 833 
I.8I2 

1.7% 
1.782 
1.771 
I.7Q 
1.753 
1.746 
1.740 
1.734 
1.729 
1.725 

I.72I 
1.717 
1.714 
1.711 
1.708 
1.706 
1.703 
I.7OI 
I. 699 
1.697 

I. 6W85 

4.303 
3.182 
2.776 
2.571 
2.447 
2.365 
2.306 
2.262 
2.228 

2.201 
2.179 
2.160 
2.145 
2.131 
2.I20 
2.110 
2.IoI 
2.093 
2.086 

2.080 
2.1774 
2.069 
2.064 
2.060 
2.056 
2.052 
2.048 
2.045 
2.042 

1.95996 

6.965 
4.541 
3.747 
3.365 
3.143 
2.998 
2.8% 
2.821 
2.764 

2.718 
2.681 
2.650 
2.624 
2.602 
2.583 
2.567 
2.552 
2.539 
2.528 

2.518 
2.508 
2.500 
2.492 
2.485 
2.479 
2.473 
2.467 
2.462 
2.457 

2.32634 

63.6'3 
9.925 
5.841 
4.604 
4.032 
3.707 
3.499 
3.355 
3.250 
3.169 

3.106 
3.055 
3.012 
2.977 
2.947 
2.921 
2.898 
2.878 
2 . w  
2.845 

2.831 
2.819 
2.807 
2.707 
2.787 
2.779 
2.771 
2.763 
2.756 
2.750 

2.57582 

The comparison of two experimental es t imates  of a mathematical 
expectation. 
with unknown X and fFZ(x), is being studied. 

x,, x , ~  ... 2,; ... x,, , ,  the resul t  5 9 

(or paral le l )  measurements  the resul t  L2, = *fg,%. 
5,= + z 2 =  . 

Given that a random variable x, which is normally distributed 

is obtained, and f rom n2 repeated 

F rom nl measurements  
n, 

*I 
fi/ ic, 

It turns out that 

In the analysis of such a case  a Student tes t  can be used. 
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TABLE 5. 

denominator in f = -$- 
The boundary values f l o f  the Fisher test (right-handed variant). Confidence and 

. -  ~~. - ?  

I I[r for 

2 18.5 
3 10.1 
4 7.71 
5 6.61 
6 5.99 
7 5.59 
8 5.32 
9 5.12 

I O  4.96 
I1 4.84 
I 2  4.75 
I3 4.67 
I 4  4.60 
I 5  4.54 
I 6  4.49 
I 7  4.45 
I8 4.41 
1 9  4.38 
20 4.35 
21 4.32 
22 4.M 
23 4.28 
24 4.26 
25 4.24 
26 4.23 
27 4.21 
28 4.20 
29 4.18 
30 4.17 
32 4.15 
34 4.13 
36 4.11 
38 4.10 
W 4.08 
42 4.07 
44 4.06 
46 4.05 
48 4.04 
50 4.03 
60 4.00 
70 3.98 
90 3.96 
90 3.95 

I00 3.94 
I25 3.92 
I50 3.90 
200 3.89 
300 3.81 
500 3.86 
IOM) 3.85 

19.0 19.2 19.2 19.3 19.3 19.4 19.4 19.4 19.4 19.4 19.4 19.4 19.4 19.4 
9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.8I 8.79 8.76 8.74 8.73 8.71 8.70 
6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.94 5.91 5.89 5.87 5.86 
5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.70 4.68 4.66 4.64 4.62 
5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.03 4.00 3.98 3.96 3.94 
4.74 4.35 4.12 3.97 3.81 3.79 3.73 3.68 3.64 3.60 3.57 3.55 3.53 3-51 
4.46 4.U7 3.84 3.69 3.58 3.50 3.44 3.39 3.35 3.31 3.28 3.26 3.24 3.22 
4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3-10 3.07 3.05 3.03 3.01 
4.10 3.71 3.48 3.33 3.L2 3.14 3.07 3.02 2.98 2.94 2.91 2.89 2.86 2.85 
3.98 3.59 5.36 3.20 3.09 3.01 2.95 2.90 2.85 2.62 2.79 2.76 2.74 2.72 
3.89 3.49 3.26 3.11 3.UO 2.91 2.85 2.80 2.75 2.72 2.69 2.66 2.64 2.62 
3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.63 2.60 2.58 2.55 2.53 
3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65 2.60 2.57 2.53 2.51 2.48 2.46 
3.68 3.29 3.06 2.W 2.79 2.71 2.64 2.59 2.54 2.51 2.48 2.45 2.42 2.40 
3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.46 2.42 2.40 2.37 2.35 
3.59 3.20 E.% 2.81 2.70 2.61 2.55 2.49 2.45 2.41 2.38 2.35 2.33 2.31 
3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.37 2.34 2.31 2.29 2.27 
3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.34 2.31 2.28 2.26 2.23 
3.49 3.10 2.81 2.71 2.60 2.51 2.45 2.39 2.35 2.31 2.28 2.25 2.22 2.20 
3.47 3.U7 2.84 2.68 2.57 2.49 2.42 2.37 2.32 2.28 2.25 2.22 2.20 2-18 
3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.26 2.23 2.20 2.17 2-15 
3.42 3.03 2-80 2.64 2.53 2.44 2.37 2.32 2.27 2.23 2.20 2.18 2.15 2.13 
3.40 3.OI 2.78 2.62 2.51 2.42 2.36 2.M 2.25 2.21 2.18 2.15 2.13 2.11 
3.39 2.99 2.76 2.60 2.49 2.40 2.34 2.28 2.24 2.20 2.16 2.14 2.11 2.09 
3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.18 2.15 2.12 2.09 2.07 
3.35 2.96 2.73 2.57 2.46 2.37 2.31 2.25 2.20 2.17 2.13 2.10 2.08 2.06 
3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.15 2.12 2.09 2.06 2.04 
3.33 2.93 2.70 2.55 2.43 2.35 2.28 2.22 2.18 2.14 2.10 2.08 2.05 2.03 
3.32 2.92 2.69 Z.53 2.42 2.33 2.27 2.21 2.16 2.13 2.09 2.06 2.04 2.01 
3.29 2.90 2.67 2.51 2.40 2.31 2.24 2.19 2.14 2.10 2.U7 2.04 2.01 1.99 
3.28 2.88 2.65 2.49 2.38 2.29 2.23 2.17 2.12 2.08 2.05 2.02 1.99 1.97 
3.26 2.87 2.63 2.48 2.36 2.28 2.21 2.15 2.11 2.07 2.03 2.00 1.98 1.95 
3.24 2.85 2.62 2.46 2.35 2.26 2.19 2.14 2.09 2.05 2.02 1.99 1.96 1.94 
3.23 2.84 2.6I 2.45 2.34 2.25 2-18 2.12 2.08 2.04 2.00 1.97 1.95 1-92 
3.22 2.83 2.59 2.44 2.32 2.24 2-17 2.11 2.06 2.03 1.99 1.96 1.93 1.91 
3.21 2.82 2.58 2.43 2-31 2.23 2.16 2.10 2.05 2.01 1.98 I.% 1.92 1.90 
3.20 2 . S  2.57 2.42 2.30 2.22 2.15 2.09 2.04 2.00 1-97 1.94 1.91 1.89 
3.19 2.80 2.57 2.41 2.29 2.21 2.14 2.08 2.03 1.99 I.% 1.93 1.90 1.W 
3.18 2.79 2.56 2.40 2.29 2.20 2.13 2.07 2.03 1.99 1.95 1.92 1.89 1.87 
3-15 2.76 2.53 2.37 2.25 2.17 2.10 2.04 1.99 1.95 1.92 1.89 1.86 1-84 
3.13 2.74 2.50 2.35 2.23 2.14 2.07 2.02 1.m 1-93 1.89 1.86 1.84 1.8I 
3.11 2.72 2.49 2.33 2.21 2.13 2.06 2.00 1.95 1.91 1.88 1.84 1.82 1.79 
3.10 2.71 2.47 2.32 2.20 2.11 2.04 1.99 1.94 1.90 1.86 1.83 1.80 1.78 
3.09 2.70 2.46 2 . S  2.19 2.10 2.03 1.97 1.93 1.89 1.85 1.82 1.79 1.77 
3.07 2.68 2.44 2.29 2.I7 2.08 2.OI I.% 1.91 1.87 1.83 1.80 1.77 1.75 
3-06 2.66 2.43 2.27 2.16 2.m 2.00 1.94 1.89 1.85 1.82 1.79 1.76 1.73 
3.04 2.65 2.42 2.26 2.14 2.06 1.98 1.93 1.88 1.84 1.00 1.77 1.74 1.72 
3.03 2.63 2.40 2.24 2.13 2.W 1.97 1.91 1.86 1.82 1.78 1.75 1.72 1.70 
3.01 2.62 2.39 2.23 2.12 2.03 I.% 1.90 1.85 1.U 1-77 1.74 1-71 1-69 
3.00 2.6I 2.38 2.22 2.11 2.02 1.95 1.89 1.84 1.80 1.76 1.73 1.70 1.68 
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levels B= 0.05 and 0.01. kl and k, are number of degrees of freedom of rtie nuii lerator and 

16 I7  

246 247- 
19.4 19.4 
8.69 8.68 
5.04 5.83 
4.60 4.59 
3.92 3.91 
3.49 3.48 
3.20 3.19 
2.99 2.97 
2.83 2.8I 
2.70 2.69 
2.60 2.58 
2.51 2.50 
2.44 2.43 
2.38 2.37 
2.33 2.32 
2.29 2.27 
2.25 2.23 
2.21 2.20 
2.18 2.17 
2.16 2.14 
2.13 2.11 
2.11 2.09 
2.09 2.07 
2.07 2.05 
2.05 2.03 
2.04 2.02 
2.02 2.00 
2.01 1.99 
1.99 1.98 
1.97 1.95 
1.95 6.93 
1.93 1.92 
1.92 1.90 
1.90 1.89 
1.89 1.67 
1.68 2.86 
1.81 1.85 
1.86 1.84 
1.85 1.83 
1.82 1.80 
1.79 1.77 
1.77 1.75 
1-76 1.74 
1.75 1.73 
1.72 1.70 
1.71 1.69 
1.69 1.67 
1.68 1.66 
1.66 1.64 
1.65 1.63 

[ I8 $9 ; 20 

247 2 4 8  248 

8.67 8 . q  8.66 
5.82 5.81 5.80 

19.4 19.4 19.4 

4.58 4.57 4.56 
3.90 3.88 3.87 
3.47 3.46 3.44 
3.17 3.IG 3.15 
E.% 2.95 2.94 

2.67 2.66 2.65 
2.57 2.56 2.54 
2.48 2.47 2.46 
2.41 2.40 2.39 
2.35 2.34 2.33 
2.30 2.29 2.28 
2.26 2.24 2.23 
2.22 2.20 2-19 
2.18 2.17 2.16 
2.15 2.14 2.12 
2.12 2.11 2.10 
2.10 2.08 2.07 
2.07 2.06 2.05 
2.05 2.04 2.03 
2.04 2.02 2.m 
2.02 2.00 1.99 
2.00 1.99 1.97 
1.99 1.97 I .% 
1.97 I.% 1.94 
I.% 1.95 1.93 
1.94 1.92 1.91 
1.92 1.90 1.89 
1.90 1.88 1.87 
1.88 1.67 1.85 
1.87 1.85 1.W 
1.86 1.84 1.83 
1.84 1.83 1.a 
1.83 1.82 1.80 
1.82 1.81 1.79 

1.78 1-76 1.75 
1.75 1.74 1.72 
1.73 1.72 1.70 
1.72 1.70 1.69 
1.71 1.69 1.68 
1.69 1.67 1.65 
1.67 1.66 1.64 
1.66 1.64 1.a 
1.64 1.62 1.Q 
1.62 1.Q 1.59 
f.61 1-60 1.58 

2.m 2.78 2.77 

1.81 1.m 1.78 

2 q  il; f 2 6  128 30 
249-249 249 250 250 
19.5 19.5 19.5 19.5 19.5 
8.65 8.64 8.63 8.62 8.62 

4.54 4.53 4.52 4.50 4.50 
3.86 3.84 3.83 3.82 3 . a  
3.43 3.41 3.40 3.39 3.38 
3.13 3.12 3.10 3.09 3.08 
2.92 2.90 2.89 2.67 2.86 
2.75 2.74 2.72 2.71 2.70 
2.63 2.6I 2.59 2.58 2.57 
2.52 2.51 2.49 2r48 2.47 
2.44 2.42 2.41 2.39 2.38 
2.37 2.35 2.33 2.32 2.31 
2.31 2.29 2.27 2.26 2.25 
2.25 2.24 2.22 2.21 2.19 
2.21 2.19 2.17 2.16 2.15 
2.17 2.15 2.i3 2.12 2.11 
2.13 2.11 2.10 2.08 2.07 
2.10 2.08 2.07 2.05 2.04 
2.07 2.U5 2.04 2.02 2.01 
2.05 2.03 2.01 2.00 1.98 
2.02 2.00 1.99 1.97 I.% 
2.00 1.98 1.97 I.% 1.94 
1.98 I.% 1.95 1.93 1-92 
1-97 1.95 1.93 1.91 1.90 
1.95 1.93 1.91 1.90 1.88 
1.93 1.91 1.90 1.88 1.67 
1.92 1.90 1.88 1.67 1.85 
1.91 1.89 1.81 1.85 1.84 
1.88 1.86 1.85 1.83 1.82 

1.85 1.82 1.a 1.79 1-78 
1.83 I.8I 1.79 1.77 1.76 
I.8I 1.79 1.77 1.76 1-74 
1.80 1.78 1.76 1.74 1.73 

1.78 1.76 1.74 1.72 1.71 
1.77 1.75 1.73 1.71 1.70 
1.76 1.74 1.72 1.70 1.69 
1.72 1.70 1.68 1.66 1.65 
1.70 1.67 1.65 1.64 1.62 
1.68 1.65 1.63 1.62 1.60 
1.66 1.64 1.62 1.60 1.59 
1.65 1.63 1.Q 1.59 1.57 
1.63 1.60 1.58 1.57 1.55 
1.Q 1.59 1.57 1.55 1.53 
1.60 1.57 1.55 1.53 1.52 
1.58 1.55 1.53 I.5I 1-50 
I.% 1.54 1.52 1.50 II48 
1.55 1.53 1.51 1.49 1.47 

5.79 5.77 5.76 5.75 5.75 

1.86 1.84 1.82 1.80 1.m 

1.79 1.77 1.75 1.73 1.72 

140 f 50 60 f 80 fIw 
251 252 252 252 253 
19.5 19.5 19.5 19.5 19.5 
8.59 8.58 8.57 8.56 8.55 
5.72 5.70 5.69 5.61 5.66 
4.46 4.44 4.43 4.41 4.41 

3.34 3.32 3.93 3.29 3.27 
3.04 3.02 3.01 2.99 2.97 

2.66 2.64 2.62 2.60 2.59 
2.53 2.5I 2.49 2.47 2.46 
2.43 2.40 2.38 2.36 2.35 
2.34 2.31 2.30 2.27 2.26 
2.27 2.24 2.22 2.20 2.19 
2.20 2.18 2.16 2.14 2.12 
2.15 2.12 2.11 2.08 2.07 
2.10 2.08 2.06 2.03 2.02 
2.06 2.04 2.02 1.99 1.98 
2.03 2.00 1.98 1.96 1-94 
1.99 1.97 1.95 1.92 1.91 
I.% 1.94 1.92 1.86 1.88 
1.94 1.91 1.89 1.86 1.85 
1.91 1-88 1.86 1.84 1.82 

3 .n  3.75 3.74 3.72 3.71 

2.83 2.80 2.79 2.77 2-76 

1.89 1.86 1.84 1.82 1.80 
1.67 1.84 1.82 1.80 1.78 
1.85 1.82 1.80 1.78 1.76 

1.81 1.77 1.75 1.73 1.71 

1.84 1.8I 1.79 1.76 1.74 
1.82 1.79 1.n 1.74 1.73 

1.79 1-76 1.74 1.71 1.70 
1.77 1.74 1.71 1.69 1.67 
1.75 1.71 1.69 1.66 1.65 
1.73 L 6 9  1.67 1.64 1.62 
1.71 2.68 1.65 1.62 1.Q 
1-69 1.66 1.64 I.6I 1-59 
1.68 1.65 1.62 1.59 1.57 
1.67 1.63 1.Q 1.58 I.% 
1.65 1.62 1.60 1.57 1.55 
1.64 1.Q 1.59 I.% 1.54 
1.63 1.60 1.58 1.54 1.W 
1.59 I.% 1.53 1.50 1.48 
1.57 1.53 1-50 1.47 1.45 
1-54 1.51 1.48 1.45 1.43 
1.53 1.49 1.46 1.43 1.U 
1.52 1.48 1.45 1.43 1.39 
1.49 1.45 1.42 1.39 I.% 
1.48 1.44 1.41 1.37 1.54 
1.46 1.4I 1.39 1.35 1.32 
1.43 1.39 I.% 1.32 1.30 

, 1-42 1.38 1.34 1-30 1-28 
1.41 1-56 1.33 1.29 I.& 
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TABLE 5 (cont'd) 

f E I  for 

I I 2  i 3 ;  4 1 5  f 6 1  7 1 8 f  9 : I O :  1 1 . f I 2 1 1 3 f  1 4 ;  I5 ~- 

2 98.5 99.0 99.2 99.2 99.3 99.3 99.4 99.4 99.4 99.4 99.4 99.4 99.4 99.4 99.4 
3 34.1 303 29.5 28.7 28.2 27.9 27.7 27.5 27.3 27.2 27.1 27.1 27.0 26.9 26.9 
4 21.2 18.0 16.7 16.0 15.5 15.2 15.0 14.8 14.7 14.5 14.4 14.4 14.3 14.2 14.2 
5 16.3 13.3 12.1 11.4 11.0 10.7 10.5 10.3 10.2 10.1 9.96 9.89 9.82 9.m 9.72 
6 13.7 10.9 9.78 9.15 8.75 8.47 8.26 8.10 7.98 7.R 7.79 7.72 7.66 7.60 7.56 
7 I22  9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72 6.62 6.54 6.47 6.41 6.36 6.X 
8 11.3 8.65 7.59 7.01 6.63 6.37 6.18 6.03 5.91 5.81 5.73 5.67 5.61 5.56 5.52 
9 10.6 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35 5.26 5.18 5.11 5.05 5.00 4.96 

I O  10.0 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 4.85 4.77 4.71 4.65 4.60 4.56 
I1 9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63 4.54 4.46 4.40 4.34 4.29 4.25 
I 2  9.33 6.93 5.95 5.41 5.U6 4.82 4.64 4.50 4.39 4.30 4.22 4.16 4.10 4.05 4.01 
I3 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19 4.10 4.02 3.96 3.91 3.86 3.82 
I 4  8.86 6.51 5.56 5.04 4.69 4.46 4.28 4.14 4.03 3.94 3.86 3.80 3.75 3.70 3.66 
I 5  8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.UO 3.89 3.80 3.73 3.67 3.61 3.56 3.52 

I 7  8.40 6-11 5.18 4.67 4.34 4.10 3.93 3.79 3.68 3.59 3.52 3.46 3.40 3.35 3.31 
I8 8.29 6.01 5.09 4.58 4.25 4.01 3.84 3.71 3.60 3.51 3.43 3.37 3.32 3.27 3.23 
1 9  8.18 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52 3.43 3.36 3.30 3.24 3.19 3.15 
20 8.10 5.85 4.94 4.43 4.10 3.67 3.70 3.56 3.46 3.37 3.29 3.23 5.18 3.13 3.09 
21 8.02 5.78 4.87 4.37 4.04 3.8I 3.64 3.51 3.40 3.31 3.24 3.17 3.12 3.M 3.03 
22 7.95 5.72 4.82 4.31 3.99 3.76 3..59 3.45 3.35 3.26 3.18 3.12 3.07 3.02 2.98 
23 7.88 5.66 4.76 4.26 3.94 3.71 3.54 3.41 3.30 3.21 3.14 3.07 3.02 2.97 2.93 
24 7.82 5-61 4.72 4.22 3.90 3.67 3.50 3.36 3.26 3.17 3.09 3.03 2.98 2.93 2.89 
25 7.77 5.57 4.68 4-18 3.R6 3.63 3.46 3.32 3.22 3.13 3.06 2.99 2.94 2.89 2.85 
26 7.72 5.53 4.64 4.14 3 . e  3.59 3.42 3.29 3.18 3.09 3.02 2.96 2..90 2.R6 2.82 
27 7.66 5.49 4.60 4.11 3.78 3.56 3.39 3.26 3.15 3.06 2.99 2.93 2.67 2.82 2.78 
28 7.64 5.45 4.57 4.07 3.75 3.53 3.36 3.23 3.12 3.03 2.96 2.90 2.84 2.79 2.75 
29 7.60 5.42 4.54 4.04 3.73 3.50 3.33 3.20 3.09 3.00 2.93 2.87 2-81 2.77 2.73 
30 7.56 5.39 4.51 4.02 3.70 3.47 3.30 3.17 3.M 2.98 2.91 2.84 2.79 2.74 2.70 
32 7-50 5.34 4.46 3.97 3.65 3.43 3.26 3.13 3.02 2.03 2.86 2.80 2.74 2.70 2.66 
34 7.44 5.29 4.42 3.93 3.61 3.39 3.22 3.09 2.98 2.89 2.82 2.76 2.70 2.66 2.62 
36 7.40 5.25 4.38 3.89 3.57 3.35 3.18 3.05 2.95 2.86 2.79 2.72 2.67 2.62 2.58 
38 7.35 5.21 4.34 3.86 3.54 3.32 3.15 3.02 2.92 2.83 2.75 2.69 2.64 2.59 2.55 
40 7-31 5.18 4-31 3.83 3.51 3.29 3.12 2.99 2.89 2.80 2.73 2.66 2.6I 2.56 2.52 
W 7.28 5-15 4.29 3.80 2.49 3.27 3.10 2.97 2.86 2.78 2.70 2.64 2.59 2.54 2.50 
44 7.25 5.12 4.26 3.78 3.47 3.24 3.08 2.95 2.84 2.75 2.68 2.62 2.56 2.52 2.47 
46 7.22 5.10 4.24 3.76 3.44 3.22 3.06 2.93 2.82 2.73 2.66 2.60 2.54 2-50 2.45 
48 7.19 5.08 4.22 3.74 3.43 3.20 3.04 2.91 2.80 2.72 2.64 2.58 2.53 2.48 2.44 
50 7.17 5.06 4.20 3.72 3.41 3.19 3.02 2.89 2.79 2.70 2.63 2.56 2.51 2.46 2.42 
55 7.12 5.01 4.16 3.68 3.37 3.15 2.98 2.85 2.75 2.66 2.59 2.53 2.47 2.42 2.38 
60 7.08 4.98 4.13 3.65 3.34 3.12 2.95 2.82 2.72 2.63 2.56 2.50 2.44 2.39 2.35 
70 7-01 4.92 4.08 3.60 3.29 3.07 2.91 2.78 2.67 2.59 2.51 2.45 2.40 2.35 2.31 
80 6.96 4.88 4.04 3.56 3.26 3.04 2.67 2.74 2.64 2.55 2.48 2.42 2.36 2.X 2.27 
90 6.93 4.85 4.01 3.54 3.23 3.01 2.84 2.72 2.61 2.52 2.45 2.39 2.33 2.29 2.24 

IO0 6.90 4 . a  3.38 3.51 3.21 2.99 2.82 2.69 2.59 2.50 2.43 2.37 2.31 2.26 2.22 
125 6.84 4.78 3.34 3.47 3-17 2.95 2.79 2.66 2.55 2.47 2.39 2.33 2.28 2.23 2.19 
I50 6.81 4.75 3.92 3.45 3.14 2.92 2.76 2.63 2.53 2.44 2.37 2.31 2.25 2.20 2.16 
ZCX3 6.76 4.71 3.88 3.41 3.11 2.89 2.73 2.60 2.50 2.41 2.34 2.27 2.22 2.17 2.13 
300 6.72 4.68 3.85 3.38 3.08 2.86 2.70 2.57 2.47 2.38 2.31 2.24 2.19 2.14 2.10 
500 6.69 4.65 3.82 3.36 3.05 2.84 2.68 2.55 2.44 2.36 2.28 2.22 2.17 2.12 2.07 

IWO 6.66 4.63 3.80 3.34 3.M 2.82 2.66 2.53 2.43 2.34 2.27 2.20 2.15 2.10 2.06 

16 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.a5 3.78 3.69 4.62 3.55 3-50 3.45 3.41 
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J 0.a- 

99.4 99.4 ss.4 99.4 99.r i9.5 99.5 59.5 99.5 59.5 99.5 99.5 99.5 99.5 99.5 
16 1 I7 I8 I 1.9-- I 20 :=22 I F4- !-!6-: 28 [.? i 40 !.F- I 60 80 I 100 

26.8 -26.8 26.8 26.7 26.7 26.6 26.6 26.6 26.5 26.5 26.4 26.4 26.3 26.5 26.2. 
14.2 14.1 14.1 14.0 14.0 14.0 13.9 13.9 13.9 13.8 13.7 13.7 13.7 13.6 13.6 
9.68 9.64 9.6I 9.58 9.55 9.51 9.47 9.43 9.40 9.38 9.29 9.24 9.20 9.16 9-13 
7.52 7.48 7.45 7.42 7.40 7.35 7.31 7.287.25 7.23 7.14 7.09 7.06 7.01 6.99 
6.27 6.24 6.21 6.18 6.16 6.11 6.07 6.04 6.02 5.99 5.91 5.86 5.82 5.78 5.75 
5.48 5.44 5.41 5.38 5.36 5.32 5.28 5.25 5.22 5.20 5.12 5.07 5.03 4.99 1-96 
4.92 4.89 4.86 4.83 4.8I 4-77 4.73 4.70 4.67 4.65 4-57 4.K 4-48 4.44 4.42 
4.52 4.49 4.46 4.43 4.41 4.36 4.33 4-30 4.27 8-25 4.17 4.12 4-08 4.04 4 - a  
4.21 4.18 4.15 4.12 4.10 4.06 4.02 3.99 3-96 3.94 3.86 3-82 3.78 3-75 3.n 
3.97 3.94 3-91 3.88 3.86 3.82 3.78 3.75 3.72 3.70 3.62 3 . 9  3-54 3.49 2.W 
3.78 3.75 3.72 3.69 3.66 3.62 3.59 3.56 2.53 3.51 3.43 3.38 3-54 3-30 3 . a  
3.62 3.59 3.56 3.53 3.51 3.46 3.43 3.40 3.37 3.35 3-27 3.22 3-18 3.14 3.u 
3.49 3.45 3.92 3.40 3.37 3.33 3.29 3.26 3.24 3.21 3.13 3.08 3.05 3.00 2.98 
3.37 3.34 3.31 3.28 3.26 3.22 3.18 3.15 3.12 3.10 3.U 2.97 2.93 2.89 2.86 
3.27 3.24 3.21 3.18 3.16 3.12 3.08 3.05 3.03 3.00 2.92 2.87 2.83 2.79 2.76 
3.19 3.16 3.13 3.10 3.08 3.03 3.00 2.97 2.94 2.92 2.84 2.78 2.75 2.70 2.68 
3.12 3.08 3.05 3.03 3.00 2.96 2.92 2.89 2.87 2.84 2.76 2.71 2.67 2.63 2.60 
3.05 3.02 2.99 2.96 2.94 2.90 2.86 2.83 2.80 2.78 2.69 2.64 2.6I 2.56 2-59 
2.99 2.96 2.93 2-90 2.88 2.84 2.80 2.77 2.74 2.72 2.64 2.58 2.55 2.50 2-48 
2.94 2.91 2.88 2.85 2.83 2.78 2.75 2.72 2.69 2.67 2.58 2.53 2.50 2.45 2.22 

2.85 2.82 2.79 2.76 2.74 2.70 2.66 2.63 2.60 2.58 2.49 2.44 2.40 2.36 2.33 
2.82 2.78 2.75 2.72 2.70 2.66 2.62 2.59 2.56 2.54 2.45 2.40 2.36 2.32 2.29 
2.78 2.74 2.72 2.69 2.66 2.62 2.58 2.55 2.53 2.50 2.42 2-56 2.33 2.28 2-25 
2.75 2.71 2.68 2.66 2.63 2.59 2.55 2.52 2.49 2.47 2.38.2.33 2.29 2.25 2-22 
2.72 2.68 2.65 2.63 2.60 2.56 2.52 2.49 2.46 2.44 2.35 2.50 2.26 2.22 2.19 
2.69 2.66 2.63 2.60 2.57 2.53 2.49 2.46 2.44 2.41 2.33 2.27 2.23 2.19 2-16 
2.66 2.63 2.60 2.57 2.55 2-51 2.47 2.44 2.41 2.39 2.30 2.25 2-21 2-16 2-13 
2.62 2.58 2.55 2-53 2.50 2.46 2.42 2.39 2-56 2.34 2.25 2.20 2-16 2.11 2.08 
2.58 2.55 2.5I 2.49 2.46 2.42 2.38 2.35 2.32 2.w) 2.21 2.16 2 . U  2.W 2-04 
2.54 2.51 2.48 2.45 2.43 2.38 2.35 2.32 2.29 2.26 2-17 2.12 2.08 2.03 2.00 
2.51 2.48 2.45 2.42 2.40 2.35 2.32 2.28 2.26 2.23 2.14 2.09 2.05 2 r M )  1-97 
2.48 2.45 2.42 2.39 2.37 2.33 2.29 2.26 2.23 2.20 2.11 2.06 2.02 1.97 1-94 
2.46 2.43 2.40 2.37 2.34 2.M 2.26 2.23 2.20 2.18 2.09 2.03 1.99 1.94 1.91 
2.44 2.40 2.37 2.35 2.32 2.282.24 2 . P  2.18 2.15 2.06 2.01 1-97 1.92 1-89 
2.42 2.38 2.35 2.33 2.3b 2.26 2.22 2-19 2.16 2.13 2.04 1-99 1.95 1.90 1.86 
2.40 2.51 2.33 2.3I 2.28 2.24 2.20 2.I7 2.14 2.12 2.02 1.97 1.93 1.88 1.84 
2.38 2.35 2.32 2.29 2.27 2.22 2.18 2.15 2.12 2.10 2.01 1.95 1.91 1.86 1.82 
2-54 2.SI 2.28 2.25 2.23 2.18 2.15 2-11 2.08 2.06 1.97 1.91 1-87 1.82 1-78 
2.X 2.28 2.25 2.22 2.20 2-15 2.12 2.08 2.05 2.03 1.94 1.88 1-84 1.78 1.75 
2.27 2.23 2.20 2-18 2.15 2.11 2.07 2.03 2.U 1.98 1.89 1-83 1.78 1.73 1.70 
2.23 2.20 2.17 2.14 2.12 2.07 2.03 2.00 1.97 1.94 1.85 1.79 1.75 1.69 1.66 
2.2I 2.17 2.14 2.11 2.09 2.04 2.W 1.97 1.94 1.92 '1.82 1.76 1.72 1-66 1.62 
2-19 2.15 2.12 2.09 2.07 2.02 1.98 1.94 1.92 1.89 1.80 1.73 1.69 1.63 1.60 
2-15 2.II 2.08 2.05 2.03 1.98 1.94 1.91 1.88 1.85 1.76 1.69 1.65 1.59 1.55 

2-09 2.06 2.02 2.00 1.97 1.93 1.89 1.85 1.82 1.79 1.69 1.63 1.58 1.52 1.48 
2.06 2.03 1-99 1.97 1-94 1-89 1-85 1-82 1.79 1.76 1-66 1.59 1.55 1-48 1.44 
2.04 2.W 1.97 1-94 1-92 1.87 1.83 1.79 1.76 1.74 1.63 I.% 1.52 1.45 1.41 
2.W 1-98 1-95 1-92 1-90 1-85 I.8I I.?? 1.74 1.72 1.Q 1.54 1.50 1-43 I.= 

2.89 2.86 2.83 2.8) 2.78 2.74 2.70 2.m 2.64 2.62 2.54 2.48 2.45 2.10 2.n 

2.12 2.09 2.06 2.03 2.00 1.96 1.92. 1.88 1.85 1.83 1.73 1.66 1.62 1.56 1.52 
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Assuming the validity of the null hypothesis H,, another random variable 
t can be constructed f rom the two random variables  I,, and Zza 1 2 1 :  

where j z ( x j  = n7z . I n  ( x ; - . F m ) ' >  which obeys a Student distribution (35) with 
i - l  

k =  n l+  n2 -2 deg rees  of freedom. 
calculated f r o m  (36). Comparing t with to, which was calculated f rom the 
experimental  r e su l t s  according to 6 8 ) ,  enables us  to  choose the more  likely 
hypothesis between H, and HI (in this  ca se  HI descr ibes  the situation that in 
the two series of measurements  random variables  with different 
mathematical  expectations w e r e  studied). 

experiments intended to es t imate  the dispersion of a normally distributed 
random variable x. 
formed and the s ta t is t ical  es t imate  of the dispersion was obtained 

s,1(r) = 

ments the est imate  S2(Z) = &, 
ment S~(x1-c s:(~. h a s  to be interpreted.  

data, F i she r  derived the exact distribution of the random variable F=5:/5;'. 
The distribution p (F)  is a function of two pa rame te r s  k l =  nl- 1 and 
kz = n2- 1, and has the following shape: 

Choosing a confidence level p,  tp is 

5. The F i she r  test is used for  the comparison of the r e su l t s  of two 

In the f i r s t  experiment nl measurements  were p e r -  

2 ( x,; - r , ,  )*,  in the second experiment based upon n2 measu re -  
4-' i., 

flz 
~ , ( x z ; - ~ ~ ) ~  was obtained. The disagree-  

In the case  that there  are only random fluctuations in the experimental  

where k = k l +  k2 and l' is the gamma function. 
is s imilar  to p(x2) for  k > 2 .  
l a r g e r  to the sma l l e r  values of the dispersion (F, > 1). 
handed t e s t  is used and Fp" is determined f rom 

The fo rm of the function p(F)  

Therefore,  a r ight-  
F is generally calculated as the rat io  of the 

where $ is the confidence level. 

and fo r  two values of the confidence level ,El : 0.01 and 0.05. 
In Table 5 a r e  given the values of F i ' fo r  various values of kl and k2 
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0. B. Vasil'ev 

ANALtYSIS OF HIDDEN PERIODICITIES AND THE 
POSSIBILITY OF STATISTICAL PREDICTION 

The analysis of hidden periodicities of a p rocess  is impossible without 
the exact knowledge of the propert ies  of the function being analyzed, since, 
depending on the character  of the process,  a specific method of spectrum 
computation should be used. Below different function c l a s ses  are analyzed 
according to  their  spectral  types, a short  review of the existing niethods of 
obtaining spectrum est imates  is given and one of the methods of determining 
the possibility of statist ical  prediction is described along with an est imate  
of the stability of the derived periods and their  amplitudes. 
tion the Zurich s e r i e s  of Wolf numbers (1749- 1 9 6 6 )  /1/ is used. 

A s  an i l l u s t r a -  

FUNCTIONS AND THEIR SPECTRA 

The shape of the function's spectrum (satisfying the Uirichlet conditions) 
will depend f i r s t  of all  on whether the function is periodic, a lmost  
periodic, nonperiodic or random, and, secondly, on whether i t  is defined 
in P finite or infinite interval of i t s  argument, a t  all points or only a t  
separate  ones.  A survey of the spectrum determination of these function 
types according to the terminology of / 2 /  is presented in the table. 

Also almost  
periodic functions have a discrete  spectruni (except for  the case  where they 
are defined for a l l  points in a finite interval); this likewise applies to 
functions which a r e  defined a t  discrete  points of a finite interval.  
other cases  the functions have a continuous spectrum. 

the periodic components. 
cesses is presented in the fo rm of a spectral  density. 
stationary ergodic p rocesses  only the energy spectrum is nonrandom, 
i.e.,  i t  can be both discrete  or continuous. 
both the amplitude and the energy spectra  can be computed. 

the spectrum is bounded by the Nyquist frequency. The definition of the 
function in  a finite interval leads for all functions, with the exception of 
periodic functions, to a smoothing of the spectrum with spectral  weights 
of a unit rectangular pulse, whose length is equal to the interval in which 
the function is defined. 
separate  points of a finite interval (except for  periodic functions) is 

Periodic processes  have a discrete  harmonic spectrum. 

In all 

The discrete  spectrum is always presented a s  an amplitude spectrum of 
The continuous spectrum of nonperiodic p ro  - 

For random 

For almost periodic functions 

In all cases that the function is defined a t  discrete  points of the interval 

The discrete  spectrum of functions defined a t  
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cn 4 Survey of the determination of function spectra 
4 N 

Region and form of definition 

of the interval (0, T) of the interval (-m, +a) 

Function 
types at all points of the 1 at  all points of the I at  equally spaced points 

interval (-a, +a) interval (0, TI ! 



approximately inscribed in the continuous spectra  of these functions defined 
a t  a l l  points of the same  intervals.  

In functions with a bounded spectrum there  can occur  an exchange of 
frequencies l a r g e r  than the Nyquist frequency uc by lower ones.  
avoid this the interval over  which the function is defined should be chos,en 
so that At c Z/W=,  or the oscillations with frequencies l a r g e r  than w, should 
be suppressed. 

A function defined at  k points of a finite interval can in the general  ca se  
be represented exactly by a set  of N a r b i t r a r y  periodic components, where 
N =  k/2.  
spectra .  
components only; for  almost periodic functions the main pa r t  of the energy 
of the p rocess  is in general  contained in N '  harmonics,  and N'<<k!2 (this 
condition is s imilar  to the significance of reducing the remaining dispersion 
of a series according to F i she r  while successively removing N '  periodic 
components). 

by one of the above function types. 
superposition of a almost periodic function y ( t )  and a random function e(t); 
other combinations occur very seldom. A spectrum of a real p rocess  w i l l  
naturally be a sum of the spectra  of i t s  components. 
the spectrum Gf a p rocess  a method should be applied mhich is suitable for  
all function types involved in the p rocess  being investigated. 

In o r d e r  to 

In this c a s e  functions of different types s e e m  to have identical 
However, this is not so - periodic functions contain harmonic 

Experimentalists encounter only r a re ly  p rocesses  which can be described 
Real p rocesses  consist  generally of a 

In o r d e r  to compute 

METHODS OF ANALYZING HIDDEN PERIODICITIES 

In o rde r  to avoid the distortion of the spectral  es t imates  the p rocess  
being investigated is subjected to a preliminary t reatment:  suppression 
of oscillations with r J  > I J ~ ,  smoothing of the spectrum, etc .  The smoothing 
is performed by a moving-average operator ,  Whittaker operator ,  approxi - 
mation by a polynomial, e tc .  
smoothing and smoothness can be introduced. 

operator  the smoothing coefficient is defined as 5= Es, 0 ,c 6s 1 and the 

smoothness coefficient a s  y = 5, 0 c y c 1, where e is the relative root-  

mean-square difference between two neighboring points in the smoothed 
series, to - in the original s e r i e s ,  eS - f o r  a sinusoid with a period equal 
to the dominant period of the process .  Averaging the Zurich s e r i e s  of 
Wolf numbers (7- = 0.1) with a period of 12 months, w e  obtain 6 =  0.95 and 
y =  0 . 7 .  

It is generally assumed that the precision of determining the frequencies 
of the periodic components is of the o r d e r  of l /ZT,  where T is the interval 
length. This is true,  however, for  random processes  only. In the general  

ca se  111: A W ~ = ~ % . P %  , where cr is the amplitude of the periodic component 

being removed and 6, is the remaining dispersion of the s e r i e s  af ter  
removing all "realist ic" periodic components. 

analysis can be applied only to p rocesses  which are purely periodic.  

For any a rb i t r a ry  method coefficic,nts of 
Fo r  a moving-average 

Harmonic and quasiharmonic spectral  analysis.  The harmonic spectral  
In 
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the case  of a rb i t r a ry  nonperiotiic p rocesses  it can be used only in i c t e r -  
polation problems, since in this  ca se  w e  art if icially impose upon the p rocess  
being investigated a periodicity condition within the interval of i t s  
definition. To a nonperiodic p rocess  one can apply formally only a quasi-  
harmonic analysis  with a frequency step of A u <  1 '2T. Since the p rocess  is 
defined in a finite interval only, the different l ines  of the periodic conipo- 
nents (if they are present  in the p rocess  under investigation) a r e  broadened. 
The l ine shape in a quasiharnionic analysis coincides with the spectrunl of 
the sinusoid 

This spectrum has many peaks.  When smoothing this spectrum during the 
calculations, different t ime windows can be used: their  influence upon the 
spectrum \ T i l l  be discussed below. 
Wolf numbers obtained by the quasihsrmonic analysis is shown in 
Figure la. 

The spectrum of the Zurich s e r i e s  of 

+.Or a C 

G L -  
- 0  

A e 

FIGURE 1. 
numbers: 

Frequency spectra of the Zurich series of Wolf 

I - regular series; I1 - alternating-sign series, where a 
minus sign is placed in front of all thc Wolf numbers in 
every odd cycle. l a  - quasiharmonic spectral analysis; 
l b  - correlational spectral analysis with a rectangular 
window; l c  - Tukey's time window: Id -exponential 
weight function; le-modified method of Huys-Ballot; 
If -successive coordinate -frequency removsl method. 

Correlational spectral  analysis.  In the correlational spectral  analysis 
a quasiharmonic analysis of the correlation function B(t) is performed (by 
using one cosine Four i e r  t ransform due to the parity of B(t)). A s  a resul t  
we obtain the energy spectrum or  the spectrum of the squa res  of the 
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amplitudes of the periodic components of the p rocess  under investigation 
/15/ and the nonrandom energy spectrum of a random stationary ergodic 
process .  The line shape of I CKI2 is similar  to the l ine shape in  a simple 
quasiharmonic analysis and different t ime ivindows are a l so  used for  i t s  
smoothing in the computational p rocess .  

If in the general  ca se  (w) = 2 B ( t J  C o s c J t ; ,  then by using a t ime 

window X(t ,), w e  obtain G*(w) =$& ::(tt)2 &)cowe. 

6- -m T[G(w)-G*(ul]'dLJ wi l l  be minimal if  I(tJ =B(t)/M{6,2(t)}, i.e., the optimum 

shape of the time window depends on the propert ies  of the p rocess  under 
investigation / 16!. 

Many shapes of t ime windows are used: rectangular window B(t), cut- 
off or truncated est imates ,  es t imates  of Bartlett ,  Hemming, Chebyshev, 
Hahn, Tukey, e tc .  The choice of the time window depends on the propert ies  
of the s e r i e s  being investigated. 
that of Tukey /1'7--19f. Theline s h a p e i s i n t h i s c a s e  G ( K )  = $&KC: [ ~ ( K . - K ) +  

+ p ( K o + K j ,  where +(n)=sinnn/.?nm(/-$, $it={! for O ,*: N, ~=~T.P ,CC, ,P  - the 

amplitude and period of the given spectral  l ine.  The line shape has  only one 
peak. 

sion dec reases  with an increase in t ,  and a t  the interval l imits  values B(t)  > 1 
do not have any meaning. 
introducing instead of B(t) anautocorrelation functiony (t) ,  which is calculated 
according to the formula for  the correlation coefficient. The correction of the 
behavior of? ( t )  can be achieved approximately by a n  exponential weight function 
E N . ( t J  = I ,  for  O ; n < N '  ; EN. ( tJL  e -d (n -N* )  for  NZk c n c N , / l / ,  where @ and N': 
are determined from the analysis of B,(t) of the s e r i e s  under investigation. 

The spectra  of the Zurich series of Wolf numbers obtained by the method 
of correlational spectral  analysis are shown in Figures  lb ,  c, d. 

Operator spectral  analysis (periodogram analysis) .  This  group contains 
methods used to obtain spectral  es t imates  without the application of Four i e r  
t r ans fo rms .  
Zurich series of Wolf numbers,  obtained by the following method: 
C X ( W )  - 6 { C f w  L P t  ( W ) )  (the terminology is according to / I f ) .  

The 
est imate  of the amplitude of the different periodic components present  in the 
p rocess  can be effected more precisely by subtracting the line shape f rom 
the spectrum obtained (successive frequency removal of periodic compo - 
nents) \ l / ,  or  by exclusion of these components by the method of l ea s t  
squa res  (successive coordinate removal)  1201, or by the combination of 
these two methods. The example of the d i sc re t e  spectrum of the Zurich 
s e r i e s  of Wolf numbers obtained by the l a s t  method is shown in Figure I f .  

In calculating the spectra  i t  is necessary to es t imate  the intervals  of 
significance of the amplitudes cx fo r  chosen confidence levels.  It s e e m s  
that in the analysis of real physical p rocesses  this  can be achieved best  by 
using the Student distribution, as in the calculation of the coefficients of a 
multiple regression.  With w ,  = x/At the number of degrees  of freedom is 
f=N-Zf i l  N, where N is the number of points i n  the series. 
creasing the period P of the periodic components being removed, a l so  the 

In doing so 

The currently most widely used window is 

4/2 for  K = O  K -  

When calculating B(t)  f o r  a function defined over a finite interval,  i t s  p rec i -  

The elimination of B(t)> 1 can be achieved by 

A s  a n  example in Figure l e  is shown the spectrum of the 

Est imates  of the fine s t ructure  of the l ine spectrum of a process .  

When in -  
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density of observations p e r  unit of phase w i l l  be increased P/2At t imes,  
i.e., a pa r t  of our  observations will be duplicated (in the dispersion of the 
data we are interested in the dispersion of averages only). 
effective nuniber of degrees  of freedom f o r  an a rb i t r a ry  P is 
w N . 2At/P = 2 T / P ,  i.e., the precision of aniplitude determination inc reases  
as the number of periods in the double interval length inc reases .  

P’dis t r ibut ion,  so that as a measu re  of the nonrandoniness of a periodic 

coniponent we should take p k  = f - 

n-th periodic coniponent, 6’ is the average power of one component of a 
random process ,  g2= B(o)!N. 

Thus, the 

Finally, the power of a single coniponent of a randoni p rocess  h a s  a 

e - 3 ,  where S, is the power of the 
6 2  

POSSIBILITIES O F  STATISTICAL PREDICTION 

Under statist ical  prediction in contradistinction to physical and c r o s s  - 
correlational prediction w e  understand a prediction based only on the 
available information about a process  in an interval of i t s  argument 
preceding the period of prediction. One way of effecting a statist ical  
prediction can be the use of a niethod based on the computation of the 
frequency spectruni of the p rocess  and i t s  presentation in the form of a 
suni of the periodic coniponents obtained. 

If the process  can be described better a s  niore periodic coniponents 
are taken (it is exact i f  the nuniber of the periodic coniponents is N = k f 2 ,  
where k is the nuniber of points in the s e r i e s ) ,  this is not so  in case  of 
prediction. Reducing the e r r o r  to zero,  we attribute a periodic cha rac t e r  
to a l l  rantlorn e r r o r s  present in the s e r i e s  being analyzed, and therefore 
we shall  a lso predict  then).  
prediction poorer .  
components should be used which really character ize  ( a re  physically real) 
the given p rocess  anti are stable along the argument intervals being 
analyzed. The est imate  of the significance and stability of the periodic 
coniponents can be achieved by different methods, one of these being t r ia l  
prediction. Trial  prediction enables u s  to estimate the possibilities of 
statist ic a1 prediction. 

Given a se t  of periodic components of a process  which a r e  obtained 
from i t s  frequency spectrum during the period of observation ( T I ,  Tz), which 
ends before the l a s t  nioment of observation T, the par t ia l  sums  can be 

formed: Weal, dW=F c;rin(W,t+cgi),c,,~C,,C~ = 1, 2 ,  3. . ., we can thus predict  

our  s e r i e s  for  the period (TI, Tz), and with the observation r e su l t s  compute 
the root-niean-square e r r o r  of the prediction 5 ( N ) .  
increasing N the prediction becomes f i r s t  poorer,  l a t e r  some periodic com-  
ponents iniprove i t  while some render  i t  poorer,  and finally, for  very large 
N the prediction becomes generally poorer .  Each addition of a new periodic 
coniponent contributes: b6 , , , i=  6(N-4 ) . -6 (NJ  aA6;. 
WcaI,#(t) s o  that h6i+44 A 6 i ,  we shall obtain a curve with one mininiuni. 
different (TI, Tz) these curves will naturally be different. For each p rocess  
an optimum time interval (TI, Tz) can be found which gives a minimum value 
of 6mjn. 

This is nieaninglcss and will only r ende r  the 
To obtain the most accurate  prediction only those 

1=0 

It turns  out that by 

If we now compute 
For 
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Thus the position of d ,,,in enables u s  to es t imate  which periodic compo- 
nents obtained are real and stable, and the value of 6..,i,, can be used to 
es t imate  the possibilities of statistical prediction. 

45- 

a 4-i 

FIGURE 2. 
series of Wolf numbers for (TZ, T) equal to 12 
years and  (TI ,  T,) equal to 54 and 206 years. 

Prediction curves for the Zurich 

In Figure 2 a r e  shown two prediction cu rves  for  the Zurich s e r i e s  of 
Wolf numbers  with (TI, Tz) equal to 54 and 206 y e a r s  and (Tz, T)  equal to 
1 2  y e a r s .  Since the t r ia l  prediction is not optimum in  this case ,  the 
predicted Wolf numbers for the future will not be given he re .  
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K. A .  Kandaurova 

A FAST FOURIER TRANSFORM 

At present continuous periodic functions a r e  widely subjected to  
analytical investigation. 
of computer time. 
of points) the calculations take up somet imes  tens of hours .  
and Tukey !1/ developed a computer algorithm, which was named the fast  
Four ie r  t ransform.  
factor of 100 relative to the direct  method, but unfortunately i t  can be 
applied only in cases  consisting of 2N points, where N is an  integer.  
Therefore, we have attempted to construct a fas t  Four ie r  t ransform for 
any number of points. 

The Four ie r  integral  is calculated by the Monte Carlo method. 
convergence r a t e  of the regular Monte Carlo method is relatively low 
the o r d e r  of l /m). 
without increasing N an  importance sa.mpling method was used (more 
random points a r e  chosen in the more  important regions of the integration 
interval) .  

These coniputations require  enormous amounts 
F o r  l a rge  amounts of data (from hundreds to thousands 

In 1965 Cooley 

This algorithm reduces the computational time by a 

The 
(of 

Ino rde r  to increase the precision of the calculation 

0 4 2 3 

Spect run~ c.alrulated by a regular method (thick line) and by the 
Monte Carlo method (thin line). 

In o rde r  to introduce a time window this method w a s  used together with 
'Tukey's weight function. 
in which the autocorrelation function is defined was 400. The random 
numbers  were introduced into the computer in  groups of 51210= 1000~, and 

The total number of points taken in  the interval 
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in  the calculation of eack. point of the spectrum they were taken consecu- 
tively, so that the origins of their  selection were  pseudorandom. 
spectrum values obtained were  smoothed out by using a moving-average 
operator over 5 points. 
using the Zurich s e r i e s  of Wolf numbers  (2600 points). 
t ime fo r  one point w a s  reduced by more  than a factor of 10 a s  compared to 
the previous method. 
f r o m  those calculated by the regular method were 2 - 3'70 1 2 1 .  

The possibil i t ies of reducing the computation t ime by means of the 
algorithm were  not fully utilized. It is suggested to group the points in 
intervals of the argument of the cosine and to  calculate the values of the 
autocorrelation function selectively, which w i l l  reduce the computation 
time appreciably. The grouping according to cosines and the selective 
computation of the autocorrelation function can be used without the Monte 
Carlo method in computing the spectra  of s e r i e s  with l e s s  than 1000 points. 

The 

The performance of the algorithm w a s  tested 
The computation 

The deviations of the r e su l t s  obtained (see figure) 
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Ya. L .  Blokh and I. N .  Kapustin 

A PERFORMANCE CRITERION FOR A 
N E  UTR ON SUPER MONITOR 

For an unbiased estimate of the performance of neutron supermonitors 
and to effect comparisons between them quantitative performance c r i t e r i a  
a r e  necessary .  
average recorded intensity or on the amplitudes of the recorded variations.  

It is suggested to use  a s  such a cr i ter ion the signal-to-noise ratio of the 
instrument being investigated to the signal-to-noise ra t io  of an  ideal setup 
/l/. 
The pr imary  information recorded  by such an instrument is transmitted 
without distortions.  
According to the above definition 

It is obvious that these c r i t e r i a  should not depend on the 

The ideal instrument has  the same a r e a  and geometry as the r e a l  one. 

The performance cr i ter ion wi l l  be denoted by $,. 

y = an.!%, ’ Sn a N  

.where An is the amplitude of the variation a t  the output of the instrument, 
An = nl -  n2; AN is the amplitude of the variation a t  the output of an ideal 
instrument, AN = Nl-Nz; S, is the root-mean-square deviation of the data 
f rom the r e a l  instrument; &is the root-mean-square deviation of hypo- 
thetical data from the ideal instrument.  Assuming that data f rom the ideal 
instrument obey a Poisson distribution, we have 

6 N  = fi. (2 1 
In o rde r  that (1) can be used in practical  cases ,  the unknown N wi l l  be 
replaced by n - the average counting r a t e  of the r e a l  instrument.  
/I, 2 , 3 /  

From 

where k is the multiplication factor of the supermonitor and T is the dead 
time of the radio channel. Since A N = N l - N Z ,  and assuming that the 
variations of k a r e  smal l  compared to the relative variation AN/N,  we 
obtain 
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. I  ~- I II . .... .._. ... 

Considering the fact  that the amplitude of the variations being studied is 
small ,  we obtain 

Substituting (3)  and (4) into (l), we have 

When using this expression, i t  should be remembered  that a t  most cosmic 
r a y  stations (CRS) the dead t ime in each supermonitor channel is inde- 
pendent for  any pair  of counters,  while due to the production of s t a r s  
between counter Fairs  there  is a remaining multiplication factor k =  1.1 111. 

Allowing for the fact that generally the data were obtained during some 
time interval t and af ter  a scaling of z, expression (5) should be rewrit ten 
as 

where N is the number of pulses recorded during the time interval t af ter  a 
scaling of z. 
expression for  the performance is given by 

Considering the fluctuations in N while estimating S,, the final 

where m is the number of values of N, used. 
computed according to the data of 141. 

The performance factor I+!IZ ref lects  not only the quality of operation of 
the instrument, but a lso the co r rec tness  of the dead time T chosen. F o r  
any r e a l  instrument wi l l  be always l e s s  than unity, since the presence 
of the multiplication factor k and of the dead time T wi l l  always lead to a 
distortion of the recorded data and consequently to a poorer signal-to-noise 
ratio.  

In /I/ an  empirical  expression w a s  derived which relates  the mdt ip l i ca -  
tion factor and k the dead t ime T with the expected dispersion of the data: 

The estimate of S, can be 

where 6:is the expected dispersion of the data a t  the output of the instru-  
ment. 
into (8j, we obtain 

Substituting the value of N f rom ( 3 )  and 65, which is equal to N ,  

6,, = ~ ( / - n T ) f i .  (9) 

Replacing S, in (5) by the theoretically expected value 6,, we obtain the 
maximum possible value of the performance factor fo r  a given instrument 
for definite values of T and k :  

The las t  expression w a s  derived in /1/ by a slightly different method. 
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I. N .  Kapustin 

MATHEMATICAL CORRECTION OF DATA 
FROM M UL T I P  LICIT Y R E  CORDERS 

The intensit ies of the neutron cosmic-ray component obtained as the 

output f rom a multiplicity r eco rde r  nl, nz,. . . ni . . . nj with f n ,  -n.are appreciably 

distorted due to coincidences leading to the distortion of the variations being 
studied f 1 f. 
automatically co r rec t s  the above -described distortions.  
cosmic -ray stations a r e  operated whose data a r e  not cor rec ted  automatical- 
ly.  The correction of these data should be performed by some mathematical 
procedure.  

that the pr imary  particle fluxes responsible for the various multiplicities 
a r e  independent and have a Poisson distribution in time. The total flux of 
all multiplicities is distributed according to the same l a w .  In setting up 
the equations the distortions due to the dead t ime of the radio channel and 
the incomplete sampling of s t a r s  owing to the finite sampling time a r e  

neglected. Thus, the cor rec ted  intensities N,, Nz. . . Ni . . . Nj, with 2";. = N., r e -  

present  the pr imary  flux distorted by the above two effects. 
distortions due to the dead time of the radio channel and the finite time of 
s t a r  sampling a r e  constants fo r  every instrument, these can be neglected 
when studying the variations of the different multiplicities. 

The general  form of the equations for  correcting the data, allowing fo r  
the effect of coincidences, is 

1.1 

In 1 2  f a model of a multiplicity r eco rde r  w a s  proposed which 
At present many 

In setting up the equations for the correction of the data i t  is assumed 

' - 1  

Since the 

ni = Ni .d i  + n i 5 ,  (1) 

where a i  is the coefficient of decrease  in the intensity of i-fold s t a r s  due to 
their  production of s t a r s  of different multiplicities; ni, is the intensity of 
coincidences of s t a r s  of different multiplicity giving false  s t a r s  of 
multiplicity i; N i .  ai is the r a t e  of t rue i-fold s t a r s  (per unit time), so that 

where P,, is the probability that the produced s t a r  of multiplicity i w i l l  not 
fall into the sampling time initiated by any previous s t a r ,  and that i t s  f i r s t  
detected neutron wi l l  initiate the sampling time T; Po, is the probability 
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that no s t a r  of any niultiplicity or  a par t  of i t  w i l l  fall within the sampling 
tinie initiated by a s t a r  of multiplicity i. 
t ime is n.. The total time the channel is occupied by sampling t imes T is 
n.T, so that 

The r a t e  of initiating the sampling 

The l a s t  expression w a s  introduced for the f i r s t  t ime in 1 3 1 ,  and w a s  
subsequentlyderived more  rigorously in  / 4 / .  Starting f rom Poisson’s l a w  

whence 

d i  = d = ( 1  - n,T)- e-NeT (5) 

The t e r m  n,, consis ts  of a combination of coincidences of s t a r s  with different 
multiplicities producing false  s t a r s  with a multiplicity of i .  For convenience 
all coincidence combinations w i l l  be divided into three groups - a, b, c. The 
r a t e  of such coincidences will be respectively denoted by nLaz, nCt2, n,.c2, 
where i is the niultiplicity due to the coincidences, r is the number of s t a r s  
produced in a coincidence, r = 2 is the number of ‘ s t a r s  produced in double 
coincidences, r = 3 the number in tr iple coincidences, e t c .  
Thus,  

Type a. To this type belong all complete double, t r iple ,  etc. ,  coinci- 

The s t a r s  of multiplicities y, z .  . . 
dences (Figure la). 
detected from a s t a r  of multiplicity x .  
fall within the sampling time, so that the total number of neutrons detected 
during the sampling t ime  T ,  i s  equal to x + y + z + .  . . = i .  Each single 
coincidence of type a w i l l  be denoted a s  na.ry 
etc .  

The sanipling time is initiated by the f i r s t  neutron 

for  r = 2, o r  nzCy++ = ‘ f o r  r = 3, 
‘The number of double coincidences of type a is given by 

where nLis  the number of cases  in which the sampling t ime T is initiated 
by s t a r s  of multiplicity x; P1~1is the probability of one complete s t a r  of 
multiplicity y occurring during this sampling tinie; 
that no s t a r  of any multiplicity different from y, o r  a pa r t  of i t ,  w i l l  fall 
into the sanipling time T; PiN, is the probability that no s t a r  of multiplicity 
y w i l l  fall partially within the sampling tinie T. 

Pa$ is the probability 

Starting from Poisson’s  law, we have 
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where M y  is the mathematical expectation of the t ime interval between the 
detection of the f i r s t  and las t  neutron f rom a y-fold s t a r .  Therefore,  
n=. - L  = n, . N # (  J-M~). e-N.r .  Y 

i 

a b 

i 

FIGURE 1. Types of coincidence of stars of different multiplicity producing an i-fold star. 

Similarly to (2), 

n, = N,. PN.T. 

Remembering that P,, is equal to (3) ,  we get 

n,.w-i =N,NI(T-M,)(t- n-T) (12) 

The multiplicities x and y a r e  a rb i t r a ry ,  their  sum is i. 
s i s t s  of a sum of t e r m s  containing all combinations of x and y giving a sum i. 
Triple coincidences of type a have two fo rms :  nx+y+y .  ,and nr.y+p = '. 
n l.y = L  = n(, P Z N ~  &cy PLNy,  where pZw, - *'T-M,T,-N~b(T-M~~ is ' the probability 

of two y-fold s t a r s  within the t ime T. 

The tern1 n,,*con- 

2 

Using (9), (10) and ( l l ) ,  we have 

N~N,Z(T~$)): (4-nj) e - ~ . ~ ,  
( 1 3 )  

2 

P,x, 

n Z y + y - L  - 
I ,  

n X t B t ~  = L = ,tz . PO,ipz . PO##. P 0 ~ .  , 

where POM@ is the probability that no s t a r  o r  par t  of it with a multiplicity 
different f rom y o r  z wil l  occur within the sampling t ime T, 

(14) p o p *  = e - (H- -Ny -Nz)-T 

Taking into account (8), (9)  and ( l l) ,  we obtain 

n z + y + r - ~  = N.z N ~ N , ( T - M ~ ) ( T - M , ) ( ~ - ~ , T )  e-N-7 (15) 
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The multiplicities x , y  and z a r e  a rb i t r a ry ,  as long as their  sum is i. 
t e r m  n-consists of the sum of all t e rn i s  containing the possible 
combinations x, y and z .  Similarly, the expressions for  four-,  five-fold, 
etc., coincidences can be calculated. 

This type of coincidence contains the incomplete 
two-, three -fold, etc., coincidences producing false s t a r s  of multiplicity i 
during the sampling t ime T .  Each single case of such a coincidence will 
be written as ns+y i 4 m  fo r  r = 2, nx.t+zst.mfor r = 3, where the y-fold s t a r  
fa l ls  completely within the sampling t ime r, and the z-fold s t a r  only 
partially; n z* t~+srr= '.,,, f o r  r = 3, where p neutrons of a y-fold s t a r  and 
y neutrons of a z-fold s t a r  w e r e  detected during the t ime T. 
of double coincidences of type b is given by 

The 

Type b. (Figure lb ) .  

The number 

n,+y=i+m = n l -  P,&(T) .PO~# .  P o N ~ ( ~ ,  

where P ~ , v ~ ( T )  is the probability that only i -x  neutrons f rom a y-fold s t a r  are 
detected during the sampling time T; POzy is the probability that no s t a r  o r  
pa r t  of i t  with a multiplicity different f rom y w i l l  be recorded during the 
time T (9); P O N ~ ( ? )  is the probability that no other number of neutrons from 
a y-fold s t a r  will be recorded during the t ime T. 

F rom ( 3 )  and (11) we obtain 

n,+y-;+m - Nr N ' . . r ( f - k T )  e-"'-: (18) 

where T is the mathematical expectation of the time interval between the 
recording of the corresponding neutrons f rom a s t a r .  

is equal to the number of combinations x f rom 1 to j and y from 2 to j ,  
giving a sum of i with a remainder  ni. 
etc. ,  coincidences of type b can be found in a s imilar  way. 

however, the i-fold s t a r  is not fornied during the t ime T, but during the 
sampling t ime TI, and the multiplicity of the s t a r  that initiated the 
sampling t ime has  no effect upon the i-fold s t a r .  The number of double 
coincidences n i r2 i s  given by 

The total number of t e r m s  of double coincidences of type b is n,bz and 

The numbers of three- ,  four-fold, 

Type c (Figure IC) .  Coincidences s imi l a r  to type b coincidences; 

Taking into account (9), (16)  and (17), w e  have 

The number of three- ,  four-fold, etc. ,  coincidences can be found in a 
s imi l a r  way. 
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Substituting into the initial equation (1) the value of CY and all  values n,,for 
different values of i, w e  get a se t  of j equations with j unknowns N1,Nz, .  . ., 
. . ., N,, which in principal can be solved. 
which make up each of the t e r m s  ni, leads to appreciable technical difficulties 
in solving the se t  of equations (1). 
this s e t  of equations is suggested. 
determination of the N , ' s  s tar t ing with the lowest multiplicity i =  1. 
turns  out that the t e r m s  contributing the most to the value of n;,(type a 
coincidences) can be determined with maximum precision. T e r m s  contr i -  
buting only l i t t le can be determined only approximately (here  the result ing 
errcr is estimated).  
neglected, estimating also the e r r o r  involved in doing so.  

The l a rge  number of t e r m s  

Below a n  approximate method for solving 
The method consis ts  in the successive 

It 

T e r m s  giving only very sniall contributions can be 

,-Mi I 
I 
1 

1 
1 

FIGURE 2. Mathematical expectation of the rime distribution of 
the neutrons recorded in a n  i-fold star. 

Before we Pttempt to find the values N1, N2, . . ., N j  we shall  determine 
the mathematical  .expectation R4, of the time interval between the recording 
of the f i r s t  and l a s t  neutrons of an i-fold s t a r  and the mathematical  
expectation T( ( e  is the interval number,  start ing withthe las t  interval)  of the 
interval between recorded neutrons (Figure 2 ) .  
quantities in the future.  
i t  w i l l  be assumed that there  a r e  not two neutron diffusion regions in the 
supermonitor 1 5 1 ,  but only one with a constant diffusion t ime 1. 
outside diffusion regions a r e  remote from the counters,  the contribution 
f rom these regions to the total counting rate  is small  and the e r r o r  made 
will be less than lo%,  which will be taken into account in estimating the 
total e r r o r .  
i neutrons, all of which are eventually recorded, forming a n  i-fold s t a r .  
Considering the diffusion laws, the probability density distribution of the 
appearance of the f i r s t  prong of an i-fold s t a r  is equal to 

We shall  need these 
In o r d e r  to simplify the calculations of M ,  and T~ 

Since the 

It will be assumed that in the inner diffusion region there  are 

i it pCi = exp (- T) 

The mathematical  expectation of the recording t ime of the f i r s t  prong from 
an i-fold s t a r  is correspondingly given by 
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After the recording of the f i r s t  neutron of an i-fold s t a r  there  r ema in  in 
the diffusion region i- 1 neutrons.  The mathematical  expectation of the 
t ime interval between the detection of the f i r s t  and second neutron w i l l  be 
A f i -  1, e tc .  The mathematical  expectation of the time interval between 
the detection of the l a s t  two neutrons w i l l  be A f i -  (i- 1). In view of the 
fact  that the numbering of the intervals  between the recorded neutrons is 
s tar ted f rom the final interval,  the mathematical expectation of the f i r s t  
interval between the prongs of the s t a r  wil l  be 2 ,  of the second one 1 1 2 ,  etc. ,  
i.e., 

T~ = x /c .  (22)  

From the above expresSion i t  is easy to determine the mathematical  
expectation of the detection time of the whole i-fold s t a r :  

For a one-pronged s t a r  expression ( 2 3 )  is meaningless, since M I =  0. 

sion for  nl, for  i =  1 has  only one t e rm,  namely n,c2, we obtain 
Determination of N1. F rom (1) we have n l =  Nla fnl,.  Since the expres -  

(24 )  N, = 
n* - nlC2 . 

d 

From (19),  and taking ( 2 2 )  into account, we have 

d 
nfcf = n . A . e - N - T . t  L=e N ,  . (25)  

d 
In expressions (24 )  and (25)  there  a r e  unknown t e r m s  No and Z iV;. 
N p 2 5 s e c - l a n d  T =  1 . 5 .  10-3sec,  nfEZ/N1- 0.470. 

e r r o r  of + 570 in the determination of n,,, is made (see the expression for  Nz) 
and about -0.0270 in the value of N1. 
+0.0470 relative to 
allowance for  these findings and (5), we obtain 

For 
‘=z 

Replacing z N b y f , , a n  ‘ =.? ‘ =2 

Replacing by (1 -n.T) , an e r r o r  of 
Making is made and about -0.0470 in the value of N1. 

The values of Nz, Ns, . . ., N j  can  be determined in a s imi l a r  way: 
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In sett ing up expressions (26 - 31) all two-fold and three-fold coincidences 
of type a,  and all two-fold coincidences of types b and c were taken into 
account. In the expressions for  type c coincidences all values of N, were 
replaced by n;. In the expressions for  type b coincidences the values of 
NI were replaced by n i  only in those cases where i was equal to or l a r g e r  
than the multiplicity N being determined in that case.  Approximate est imates  
of the e r r o r s  made by replacing Ni by n i  a r e  summarized in the table. The 
approximate est imates  of the contributions of nis to N i  and of the e r r o r s  due 
to the approximate determination of A a r e  a lso tabulated. The values given 
a r e  different for  different values of no. 

Estimates of the errors i n  equations (26-31) 
~ 

I I 
I 

Multiplicity ~ 

1 

4 

5 1  
6 

Contribution 
nk : a., % 

.1.:3.10-2 
-0.4 
-0.7 
-1.0 
-1.3 
-1.9 

Error due to  
replacing N i  by ni 

n; 

-5  * l o +  
- lo -*  

-3 .10 -4  

-4 .  
- 5 .  

-1.8 * 1 0  -4 

Error due to the 
approximation in 

a - n.,% 

+1.3. 
+:j . l o  
-2 .  
-1. 
-2.10'2 
-3 * 10" 
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I .  N.  Kapustin and V. A .  Radkevich 

ON THE COINCIDENCE EFFECT IN THE RECORDING 
OF THE NEUTRON COMPONENT OF COSlLllC RAYS 

In 11- 2 /  is indicated an increase of the barometr ic  coefficient with 
an  increase in the multiplicity of the " s t a r s "  of the neutron component of 
the cosmic r ays .  An investigation of a multiplicity r eco rde r  model on a 
coniputer by Monte Carlo methods and the calculations performed show 
that for  a proportional increase in the r a t e  of a l l  s t a r s  there  appears  owing 
to the longer collection time of s t a r s  a so-called coincidence effect, which 
manifests itself in the coincidence of s t a r s  of different multiplicity and in 
the distortion of the information at  the output of the multiplicity r e c o r d e r .  
This effect leads to an apparent shift of the recorded neutron spectrum 
towards higher energies  when the cosmic -ray intensity increases ,  and vice 

JoutIJirf 

FIGURE 1. Distortion of the output data in recording 
multiplicities due to the coincidence effect as a 
function of the total intensity Jo. 

ver sa .  
ra t ios  J ~ ~ ~ , / J ~ ~  (out-to-in intensit ies) 
fo r  s t a r s  of different multiplicity 
(1, 2,  3 , .  . ., 6 )  at  different mean total 
intensit ies.  The curves  were  com-  
puted analytically using formulas 
for  random coincidences and a s  a 
check by hIonte Carlo methods on a 
coniputer (the points for  the 
multiplicities 1, 2 and 3 and a total 
intensity J, = 100 sec- '  a r e  shown in 
Figure 1). The initial intensity 
distribution of s t a r s  of different 
multiplicity w a s  taken f rom / 3 /  
and w a s  cor rec ted  fo r  a dead t ime  
t =  l 0 p s e c  and a finite s t a r  collection 
time T = 1 msec .  

neglecting the coincidence effect in 
evaluating the data leads to a dis tor-  
tion of the variation of s t a r s  of dif- 
ferent intensit ies,  and in particular 
to an  apparent increase in the baro-  
me t r i c  coefficient with s t a r  niultiplic - 
ity. The expected increase in the 

In Figure 1 a r e  shown the 

It can be seen f rom Figure 1 that 

barometr ic  coefficient for an increase in the star multiplicity was calculated 
fo r  a neutron supermonitor fo r  average r a t e s  of 10, 20 and 30 sec-' .  
r e su l t s  a r e  shown in Figure 2, where p L / p l  is the rat io  of the barometr ic  

The 
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coefficient of i-fold s t a r s  to the barometr ic  coefficient of one -fold s t a r s .  
In the same figure a r e  a l so  shown experimental  data taken f rom / 2 /  on the 
increase of the barometr ic  coefficient. 
fraction of the increase in the barometr ic  coefficient can be explained by 
the coincidence effect. 

It can be seen that an  appreciable 

f.5 - 

FIGURE 2. 
coefficient due to the coincidence effect for stars of 
different multiplicity. 

Expected apparent increase i n  the barometric 

It is c l ea r  f rom the abovesaid that for  the co r rec t  interpretation of data 
on multiplicities while investigating their  variations i t  is necessary to 
co r rec t  for the coincidence effect. 

It should be noted that when changing the geometry of the monitor, i t s  
basic pa rame te r s  (dead time and collection t ime),  and also the geomagnetic 
latitude, the intensity distributions of s t a r s  of different multiplicity a lso 
change, and the curves  shown in Figure 1 a r e  not universal curves  for a l l  
supermonitors.  

effect, and i t  s e e m s  that these corrections a r e  not needed. 
In / 4 /  a method is applied which automatically excludes the coincidence 
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V .  S. Smimov and V .  G. Ustinovich 

COMPUTER PROCESSING OF SCR DATA 

The a im of the present  paper is to propose a block diagram of the daily 
processing of SCR data. 
the data are distributed according to Poisson’s law. 

All calculations were performed assuming that 

The data w e r e  processed according to the following scheme : 
1. 

2 .  

The first block selects  the data of the i- th coniponent and performs 

The second block provides information on the stability of the monitor.  
the control of the data input. 

The calculations were performed according to the following formula: 

where J; and 51‘ a r e  data not corrected for  l o s s e s  due to p r e s s u r e  and 
counting; 1’ and 5” are diurnal means.  
all instruments  all values of Q; should be close to unity. 
f rom this  value have a normal  distribution. 

the ze ro  level of the monitor by a method, whereby the rat ios  

In the case  of normal  operation of 
The deviations 

The third block excludes all deviations g rea t e r  than 36and  checks 3.  

a r e  determined. 
The l imi t s  a r e  improved during the p rocess  cf correct ing the deviations. 
The ze ro  level of the instrument is checked by comparing the r a t io s  
obtained with the reference rat ios .  

to : 

Lf a deviation occurs ,  two inequalities a r e  not satisfied. 

4. The fourth block co r rec t s  the data for  the barometr ic  effect according 

1- = Jr exp( -pJh) ,  

where @ is the barometr ic  coefficient. 
5. The fifth block determines the daily perturbation: 

where 51, Ji‘ are data corrected for  the meteoric effect; J’, J” are diurnal 
means for  a quiet day. 
unity, f o r  a perturbed day Ri > 1. 
only. 

For a n  unperturbed day the values of Ri a r e  close to 
The boundary is determined on one side 
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6 .  The sixth block per forms a harmonic analysis based on 24 points 
(Taylor 's  method). 
harmonics are determined. 

stability cri terion; R i  is the perturbation cri terion; j', j", j"', J" are 
intensit ies for each section, not corrected fo r  p re s su re  (for the calculation 
of the barometr ic  coefficient); 
sum ove r  three (four) sections, cor rec ted  for  the meteoric effect; rl, r 2 ,  

II, 9 2  a r e  respectively amplitudes and phases of the f i r s t  and second 
harmonics.  

component for the temperature effect and in the printing of a standard 
table. 

The amplitude and phase of the f i r s t  and second 

7. The seventh block per forms the printing of all the data; Qi is the 

is the mean diurnal pressure,  t y ' i s  the 

The monthly processing of the data consists in correcting the meson 
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I . A .  Kuz'min 

INSTRUMENTATION FOR THE MEASUREMENT OF 

IN THE ZONE OF POLAR AURORAE 
X - R A Y  BREMSSTRAHLUNG IN THE STRATOSPHERE 

The character is t ics  of electron injections in the zone of polar aurorae 
a r e  investigated by both direct  methods by using rockets and satell i tes,  a s  
we11 a s  by indirect  methods (polar aurorae,  r iometers ,  variations of the 
magnetic field and X-ray radiation due to the bremsstrahlung of the electrons 
at  the upper boundary of the atmosphere).  

The drawbacks of the observations performed with rockets and satel l i tes  
are related t o  their  high velocities, so that only integral  information on the 
energy spectrum of the radiation is obtained without the possibility of 
separating t ime and spatial effects. Ground -level observations do not 
enable the p rec i se  deterniination of the energy character is t ics  of the 
injections. 
by ba l loms ,  on the other hand, yield a more  precise  energy spectrum and 
the space and t ime character is t ics  of the injected electrons.  
measurement  methods with balloons a r e  currently in use:  

1. 
balloon r i s e s  until the rubber  envelope bursts ,  af ter  which a rapid descent 
follows. 

2 .  Drifting flights - here  balloons consisting of polyethylene envelopes 
with a volume of up to 100,000m3 are used. 
flight altitude is 30 - 40 km. 

s t r e a m s  a t  high lati tudes can be utilized. The realization of such a project 
is possible with the cooperation of s eve ra l  countries over whose t e r r i t o r i e s  
the route of the balloon c rosses .  
months 111. 
the radiation character is t ics :  1) gas  -discharge Geiger counter with a 
detection efficiency of 96-9870 for  the charged component and about 1% 
for photons; 2 )  ionization chamber,  which detects the total ionizing compo- 
nent; 3 )  Geiger counter telescope separating the charged component f rom 
the X-ray radiation; 4 )  scintillation counter with a crystal  detector and 
having a detection efficiency of close to 100% for  X-rays.  

detectors  were used in balloon flights so that the X-rays could be clear ly  
separated from the cosmic-ray background. Examples a r e  the Anderson 
balloon / Z / ,  the standard SPARMO balloon /3/, and the Po la r  Geophysical 
Insti tute 's  RKL- 10 141 .  In these sondes the typical combination is a Geiger 
counter telescope with a four- channel isotropic scintillation spectrometer .  

Measurements of X-ray bremsstrahlung in the s t ra tosphere 

Three 

Peak flights - flights whereby rubber  balloons a r e  employed. The 

The flight duration is 1 .5-3  hours.  

Flight duration is 30-40 hours,  

3 .  Flights of long-lived drifting balloons. Fo r  such flights global je t  

The flight duration is up to several  

A l a rge  collection of detectors  is used in balloon flight fo r  investigating 

In the initial period of investigations of the injected electrons many 
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As a resu l t  of many observations i t  w a s  established that the electron 
injections have a ve ry  complex t ime and space  distribution / 5/ .  For the 
investigation of specific proper t ies  of these injections special  sondes a r e  
sent up by balloons. 

For the investigation of the t ime charac te r i s t ics  with a resolution of 
milli-seconds l a rge -a rea  (up to 2 0  cm') scintillation detectors are used 
and the t ransmission of the data back t o  ground is performed by 
a logarithmic counting ra te  to voltage converter 161. The dimensions of the 
injection regions and the directions of the incoming par t ic les  a r e  measured 
by means of directional scintillation counters.  
various coll imators.  
counters which measured the ratio of the horizontal and ver t ica l  fluxes 171. 
The injection region dimensions and their  motion were measured in seve ra l  
experiments /8,9,10/,  in which directional counters with narrow acceptance 
angles were used; the field of view could be narrowed down to 2 km in  
diameter  at the altitude where the electrons a r e  stopped /Sf. A combination 
of severa l  counters can be used to estimate the motion of the injection 
regions by observing the intensity variation a t  the output of each detector.  
Experinients for  the detailed investigation of the energy spectrum in the 
1 5 -  100 keV range by using a 128-channel scintillation spectrometer  a r e  
being planned 1101. 

based upon the frequency separation of channels. 
FA4 -FXl modulation methods are used. 
employed f o r  information transmission. 
ment of telemetry sys t ems  is played by the development of elements 
controlling the proper  operation of the telemetry sys tem.  

This is achieved by using 
The f i r s t  instrument of this type had two 'directional 

The te lemet ry  systems used to t ransmi t  the information a r e  generally 
Most often AM-FM and 

Recently, digital telemetry is being 
An impcrtant ro le  in the develop - 
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L. A .  Shapovalova and V. I. Tergoev 

DEVICE FOR OBTAINING COSMIC-RAY INTENSITIES 
AT FIVE-MINUTE INTERVALS 

When all information channels a r e  connected in the 42-channel automatic 
SCR recording system, there remain  16 channels which can  be utilized to 
obtain 5-minute values of the neutron cosmic -ray component intensit ies and 
15-minute values of the atmospheric p re s su re ,  without changing the normal 
data collection interval of 1 hour. This can be effected in the following way. The 
information f rom three sections of the supermonitor is summed up by the SU-1 
amplifier, counted bythe DBYa cells of the BS/ E U M  block m d  en te r s  into 12 f r ee  
channels of the SCR reg i s t e r  sequentially every 5 minutes, while the p re s su re  
information is fed into four channels, also sequentially, every  15 minutes. 

Pressure 
information " 

To the inputs of the channels 13 - 16 

Functional block diagram 

The switching of the information is performed by a s e r i e s  of functional 

The information f rom the supermonitor is presented 
nodes, connected into one block. 
shown in the figure.  
parallelly to the dynamical t r iggers  DT-1 and DT-12, and the p re s su re  
to DT-13 and DT-16. 
information and t ransfer  i t  to the inputs of the corresponding r eg i s t e r  
channels. 
tion f rom a shift r eg i s t e r  R-1  with a division coefficient of 12, controlled 
by pulses f rom the P-6-15 r eg i s t e r  of the control element of the r eco rde r .  

pulse amplifiers and a 12.6-V f i l ter  a r e  required (according to d iagrams 
given in the description of the r eco rde r ) .  

The functional diagram of the block is 

The t r iggers  operate a t  the r a t e  of the incoming 

The switching on and off of the t r iggers  is effected by an  instruc-  

For the construction of the present  circuit  about 100 FTM units, two 
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M .  A .  Koualenko and L .  A. ShapouaEoua 

PERFORMANCE DATA OF THE IRKUTSK 
SCR STATION 

The SCR station consis ts  of a neutron supermonitor (three 
sections),  an azimuthal telescope (four telescopes with cubical geometry), 
a 42 -channel automatic recording system and an auxilliary recording 
arrangement .  The Irkutsk station began operation in January,  1967. Data 
on the neutron intensity a r e  being t ransferred to M T s D  f rom April, 1968, 
and data on the muon component f rom Cctober,  1968. 
that a running-in period of three months was allowed fo r .  

of the azimuthal telescope - 246,000 counts lhr .  
reliability of the data on the neutron component w e  chose the rat ios  of the 
counting r a t e s  of the separate  sections of the monitor:  

It should be s t r e s sed  

The mean value of the supermonitor intensity is 506,000 counts/hr,  and 
As a cr i ter ion of the 

In the figure are shown the rat ios  of two sections of the supernionitor for  
the period i)Iay,1968, to January, 1969. From these data i t  can be concluded 

that the instrumental  e r r o r  of the super-  
monitor during that period did not exceed 
f 0.350/. 

The reliability of the data obtained by 
the azimuthal telescope was determined 
by comparing them with a standard 
telescope. These comparisons indicate 
that the instrumental  e r r o r  of the azimuthal 
telescope is f 0.2%. 

In o rde r  to demonstrate the performance 
of the SCR station below a r e  given the break- 
down periods f rom May, 1968 t o  February,  
1969, whichcaused a complete l o s s  of infor- 
mation: overloading of the mains - 78 hours 
(0.72%), power failure - 188 hours  
(1.73%), telegraphic equipment failure - 
1 3  hours  (0.120/0), r eco rde r  failure - 
46 hours  (0.42%). During this  period 

January 1969 

The ratio of the counting of set- there were fai lures  of individual compo- 
tions of the supermonitor. nents: 1 t ransis tor ,  3 tunnel diodes and 
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1 capacitor. 
monitor there  was one failure attributable to the manufacturer, one due to 
an instability of the high voltage and one due to a fai lure  of the dead -time 
univibrator. There were  no electronic fa i lures  in the azimuthal telescope 
during the period f rom October, 1968 to January, 1969. 

In the operation of the electronic c i rcui ts  of the super -  
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A .  S.  Inchin, A .  Manshalina, Yu. I .  Okulov and 
I .A .  Pimenov 

ONE POSSIBILITY OF APPROXIMATING THE 
LATITUDE DEPENDENCE CURVE 

The increase in the precision of calculating the coupling coefficients 
depends directly upon the precision of approximating the latitude dependence 
curve 111. In this case the approximation of the experimental  data is 
generally performed by assuming a p r io r i  an analytical dependence between 
the var iables  being investigated and a consequent determination of the 
unknowns in this relation by the niethod of l ea s t  squares .  Here we shall  
discuss  the possibility of approximating the latitude dependence curve by 
Lagrange interpolation polynomials 1 2 1 .  
is that for the analytical description of the experimental  points obtained 
there is no need to choose a definite functional dependence. 

There is a set  of experimental  points yt  = f(x,) (i = 0, 1,2, 3 . .  . n). The 
form of the function is unknown. 
will be assumed to be close,  i f  they coincide over  the given se t  of points, 
i .e . ,  i f  

The main feature of this approach 

The polynomial Q,(x) and the function f(x,) 

Q m (xi) = f (xS * (1) 

There exis ts  a unique polynomial of degree not higher than n, which has  a t  
the points x,, XI, . . . , x, the given values 1 2 1 .  
polynomial Q,(x) can be determined froni the following se t  of equations: 

The coefficients A,  of the 

A, +x,x, +hVXx,l + - - . A,x." = go 

; %.}. (2 ) 
A, +h,X, + x;x: + * - . x,x: = 

&. + A X ,  + x,x: + . . . A, x: ._ Y- 
The determinant of the system ( 2 )  is Vandernionde's determinant:  

and consequently, the system ( 2 )  has  a unique solution. 
of the possible values of the argument can be fair ly  l a rge  and the approxi- 
mation by one polynomial can be unsatisfactory.  Therefore i t  is bet ter  to 
approximate the function by several  polynomials a t  different intervals  of 
the function y; = f (x , ) .  

However, the range 
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Later  the problem wi l l  a r i s e  of approximating several  polynomials by 
one polynomial. 
polynomial a r e  presumably achieved when the following condition is 
satisfied: 

The best  r e su l t s  in determining the pa rame te r s  of this 

2 . x  
IOD 

90 

80 

70 

60 

50 

i=i 
where, according to ( l) ,  &,(xi) = f (x,); &%,(xi) = f”’(x,), &%(xi) - the 
“connecting“ polynomial, QZ’(x;) - polynomials approximating definite par ts  
of the curve.  Expression (4)  wi l l  have a minimum, i f  

Be\, In o rde r  to tes t  the expediency of 
. . *  this method, the data f rom the latitude 

expedition in 1962- 1963 of the 
schooner “Zarya”  were analyzed: the 

- experimental dependence of the 
intensity of the neutron cosmic -ray 

e component (%o/BeV) upon the rigidity 

for  yi = f (xi) .  
- BV. In Figure 1 a r e  shown the points 

The approximation w a s  performed 

The approximation was performed in 

found the polynomial parameters  
approximating the character is t ic  pa r t s  
of the curve: the regions of the ”knee,” 
inflection points and local minima. 
The calculation w a s  performed irl three 

- . in the argument range f rom 4.1 to 16.5.  

two stages.  In the f i r s t  stage were - 
0 . .  

Y - 

, ‘ 3 ’ j ’ i ’ 9 1, ’ ;3 ’ ’ x, BV 

0 d3; = 
(5)  

The condition expressed in (5) leads to the following system of equations: 
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for  each variant of the calculation. The values of y” (%o/BeV) correspond 
to the values of the polynomial Q$(X) at the points of the experimental  curve.  
In Figure 2 a r e  shown the connecting polynoniials QL(x) for  each variant 
of the calculation and the experimental points. 
performed on the BESM -3111 computer. 
for the three variants took about 40 minutes of computer t ime. 

The calculations were  
The whole cycle of calculations 

C 

FIGURE 2. Graphs of the connecting polynomials: 

a - variant A ;  b -variant 13; c - variant C. 

V a r i a n t  A 

X, BV 4.1 4.8 7.5 9.7 11.3 12.2 13 15.6 16.2 16.5 
yexp, %./neV 99.8 100 82.4 68.9 61.9 55.6 55.8 55.3 51.9 52.8 
Polynomials Q ~ ’ C X )  QI(I:)(x)=-1.98x2+17.9x+ Qg(x)=1.61x3-54.5x2+ Qg)(x)=5.92x2-194x+ 

Polynomial Q$(x) 
+ 59.6 + 606x -2157 + 1641 

QA(x) = 0 . 0 0 2 2 ~ ~  - 0 . 1 2 ~ ~  + 2 . 6 7 ~ ~  -27.4~’ + 1 2 6 . 3 ~  -108 
99.8 100 83.1 68.1 61.5 58.9 56.9 52.4 52.8 52.8 

V a r i a n t  B 

X, BV 4.1 4.8 7.5 8.5 11.3 13 15 15.9 16.2 16.4 16.5 
99.8 100 82.4 75.5 61.8 55.8 53.6 53.6 51.9 52.5 52.8 YexpB %/neV 

Polynomials &’(x, Ql$(x)=0.42x3 -9.01x2 + &+x) =0.67x2 -19.9x+ Qg)(-i)= -84.4x3+ 4 1 1 2 ~ ~  - 

Polynomial QA(x)  
y, %/BeV 99.8 98.7 83.7 76.6 60.8 55.9 53.5 52.6 52.1 51.8 51.7 

+54.9x -3.55 +201 - 6 6 7 6 0 ~  + 361284 
Q;(x)= - 0 . 0 0 8 9 ~ ~  + 0.40~’ -6.1x2+32.7x +44.4 

V a r i a n t  C 

X, BV 4.1 4.8 7.5 8.5 11.3 12.2 13.7 15.6 16.4 16.5 16.6 
yelp, %/BeV 99.8 100 82.4 75.5 61.9 55.6 55.3 55.3 52.5 52.8 51.8 
Polynomials Q$i’(x) Q$(x) =0.42xs -9.01~’ + Q ~ ( x )  = -0.64~’  + Q ~ ( x )  = 3x + 3.29 

Polynomial Q&X) 
y’, %/BeV 99.8 98.7 83.7 76.6 60.9 57.9 55.1 53.7 52.7 52.6 52.2 

+ 54.9x -3.55 +26.8x2 -370x + 1750 
QA(x) = - 0 . 0 0 8 9 ~ ~  + 0 . 4 0 ~ ~  -6.23~‘ + 32 .9~ + 44 

BV 
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It s e e m s  that the analysis of the whole latitude dependence curve by the 
method discussed above will lead to negative resul ts ,  since even if  the 
difficulty of smoothly connecting the polynomial obtained in the region 
x> 1 7  BVwith the function y =  x - ~  is overcome, the expression obtained 
as r e su l t  can turn out to be too complicated. 
can be quite useful when describing only pa r t  of the latitude dependence 
curve,  since in principal the precision in this case is higher than in  the 
method of l ea s t  squares .  
which the experimental  data points are not uniform. 

G. F. Krymskii  for  their  helpful advice and discussion of the resul ts .  

However, the proposed method 

This could probably be useful in those cases in 

The authors would l ike to expres s  their  gratitude to L. I. Dorman and 
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E .  A .  Damaskinskii 

SPARK CHAMBERS 

The considerable advances in the study of the propert ies  of elementary 
par t ic les  during the l a s t  eight y e a r s  are connected with the use  of spark 
chambers .  
par t ic les  into two groups, namely, counters (scintillation counters,  
Cherenkov counters,  etc.)  and t rack instruments  (nuclear emulsions, bubble 
chambers ,  etc .), the spark chamber occupies a n  intermediate position 
between these two groups of detectors .  
of t rack instruments  a r e  compared. 
t ra jectory determination of a particle by a spark chamber is comparable 
with the spatial  resolution of other t rack chambers ,  and the t ime resolution 
is close to the corresponding character is t ics  of counters.  A spark chamber 
can operate in a mode s imi l a r  to that of a bubble chamber ,  so that a l l  
par t ic les  t ravers ing i t s  volume are recorded. 
chambers  the operation of a spark chamber can be controlled by a system 
of counters.  
from which can be received without photographing the t r acks  (fi lmless 
methods). 
construction cost .  

If we divide the different devices used for  the detection of 

In Table 1 the main character is t ics  
It can be seen that the precision of 

But in contrast  to bubble 

The spark chamber is the only t rack chamber the data 

An additional advantage is i t s  simplicity and relative low 

T A B L E  1. Comparison of the characteristics of track instruments 

Track instrument 

Nuclear emulsion 
Cloud chamber 
Diffusion chamber 
Bubble chamber 
Spark chamber 

Sensitive 
time, sec 

- 
4 .  
- 

5.10-7 

Recovery I Spatial 
t ime, sec 1 resolution. c m  

- 
30 
5 
1 

10-2 

10-1 
10-1 
10-2 
lo- '  

__ 
Possibility 
of control 

No 
Yes 
Yes 
N o  
Yes 

~ ~- 

- 

The combination of the above propert ies  has  determined the wide use  of 
spark chambers ,  pr imari ly  a t  charged-particle acce le ra to r s .  The u s e  of 
spark chambers  for the detection of cosmic r a y s  has  begun only recently.  
The many possibil i t ies of applying spark chambers  in cosmic -ray studies 
will be discussed below. 

There exist  several  chamber types differing in their  mechanism of 
operation. 
operating conditions (filling, p re s su re  p, gap width d and pa rame te r s  of the 

The character is t ics  of the var ious chambers  depend upon the 
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high voltage pulse).  
pa rame te r s  of chambers  which can be a t  present  easily achieved in  
pract ice .  

Pr inciple  of operation of the spa rk  chamber.  
chambers  is understood that c l a s s  of instruments,  in which a gas  discharge 
is localized along the t ra jectory of a charged particle (the completion of the 

Below are given typical values for  the operating 

Under the name spark 

discharge by a 
of a controlled 

spark breakdown is not compulsory). 
spark chamber  is shown in Figure 1. 

A schematic diagram 

To gas 
containers 

- I ' I '  2 
T O  pumps' Charged \ particle 

FIGUKE 1. Schematic diagram of a controlled spark chamber: 

1 , 2  --scintillation counters; 3 - selection device; 4 - trigger 
pulse shaper; 5 - switching elemenr of the high-voltage 
generator (spark gap or thyratron); 6 - high-voltage source; 
7 - clearing field supply; 6 - vacuum valve. 

The spark chamber generally consis ts  of a parallel-plate capacitor filled 
with an ine r t  gas .  
c i rcui t  3, which enables the selection of the desired events.  The signal 
f rom 3 is fed to the t r igger  pulse shaper 4 which controls the discharge 
device 5. The la t ter  causes  a high-voltage pulse with an amplitude of about 
10 kV to appear on the chamber e lectrodes.  

The electrons produced in the chamber gas  by the charged par t ic le  
passing through i t  develop a cascade under the action of the electr ic  field 
near  the trajectory of the particle,  and a t  a sufficiently high field intensity 
the cascade causes  a spark discharge in the gas .  The discharge produced 
n e a r  the t rack is recorded on a fi lm o r  by some f i lmless  method (Figure 2) .  

A cosmic r a y  t r a v e r s e s  counters 1 and 2 connected to 

FIGURE 2. Particle track in a five-gap spark chamber. 
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The precision with which the discharge follows the par t ic le  t rack depends 
upon the angle y between the direction of particle motion and that of the 
electr ic  field. 
particle trajectory is 0.2 nim. 
the particle trajectory and some fixed direction in space (e.g., the scattering 
angle of the particle by a target) .  
depends obviously upon the t rack length in the chamber and for a 10-cm 
long t rack i t  is about 

of par t ic les  detected (presence of a spark near  the particle t ra jectory)  
to the total number of par t ic les  which t raversed this gap: &lost chambers  
have an efficiency close to 100%. 
achieved fo r  different values of the high-voltage, pulse U .  In Figure 3 is 
shown the dependence of the efficiency upon the high-voltage pulse U fo r  
iner t  gases  f1  f .  
higher values of U. 

t ravers ing a spark gap? 

For  small  values of y the typical r m s  deviation f rom the 
We a r e  often interested in the angle between 

The precision of determining this angle 

rad.  
Efficiency. The efficiency E of a spark gap is the r a t io  of the number 

F o r  different gases  this efficiency is 

In polyatomic gases  E =  100% is achieved at appreciably 

What is the efficiency of d e t e c h g  several  par t ic les  simultaneously 
Wide-gap chambers  have a high efficiency for 

FIGURE 3 .  Spark chamber rharac-  
terisrics lor different inert gases. 

detecting several  par t ic les .  
that for  a 10-cm gap the efficiency is the same  
for  1 to 50 par t ic les  f 2  f .  
of several  par t ic les  i t  is best  to f i l l  the cham- 
ber with neon. 
several  par t ic les  in chambers  filled with 
polyatomic gases  is close to ze ro .  

a r e  determined by two pa rame te r s :  memory 
t ime and recovery t ime. 
T , ~  of a chamber is that t ime during which the 
electrons produced by the par t ic le  and capable 
of forming a discharge are preserved in the 
chamber.  For  different types of chambers  Zm 
var i e s  between fractions and tens of mic ro -  
seconds. Thus, fo r  -rm = l v s e c  the chamber 
is capable of selecting a n  event of interest  in 

It was shown 

For  the detection 

The detection efficiency of 

The time character is t ics  of spa rk  chambers  

The memory t ime 

a flux of 106part ic les /sec passing through the sensit ive volume of the 
chamber.  

The recovery t ime Tr is that interval of time after the fir ing of the chamber 
after which the chamber can once again detect a particle with the spark 
formed near  the t ra jectory of the new particle.  
the o rde r  0.5- 100psec for  different types of chambers .  
can be operated 10 to 2000 t imes p e r  second. 
conditions the r a t e  is determined not by the chamber,  but by the auxiliary 
equipment (e.g., f i lm transport  of the camera ,  high-voltage rect i f ier  power, 
etc.) .  

construction has  been brought a t  present  to such a level that the spark 
chamber can be operated immediately af ter  assembly. 
can have different geometr ies  : plane -parallel  o r  cylindrical, single -gap o r  
multi-gap. The electrodes are made of metal  (iron, lead, aluminum, etc.)  

The recovery time determines the possible r a t e  of the chamber operation. 

The recovery t ime T, is of 

Generally, under experimental  
Thus, the chamber 

Design and operation of spark chambers .  The technique of spark-gap 

Spark chambers  
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or of conducting t ransparent  glass .  
f rom seve ra l  microns  to several  cen t imeters  thickness were used. 
l e s s  spark  chambers  with wire electrodes a r e  being widely used. 

the chamber  is pumped down to vacuum and generally filled with an  iner t  
gas (most often Ne, He or a mixture of these two gases )  a t  a p re s su re  
p- 1 a tm.  
found in  11, 3 1 .  

genera tors  with a thyratron or spark gap. 
by a spark  gap is f a s t e r  than by a device using a thyratron. 
system is e a s i e r  to build, is capable of switching higher currents ,  is cheap 
and is used successfully with spark chambers  having a high capacitance. 
The spark  gap can be tr iggered by a circuit  with one secondary emission 
tube. 
supply sys tem with a spark  gap controlled by a low-amplitude pulse was 
developed f 4 / .  

For spark  chambers with gaps l a rge r  than 10 cm high-voltage pulse 
genera tors  of the Marx type a r e  used. The problems of high-voltage 
supply for  spark  chambers  have been discussed in detail in  /1 ,5 / .  

chamber  is one of the main methods of obtaining information. Generally, 
two mutually perpendicular projections of the spark gap a r e  photographed 
This enables the unique determination of the coordinates of one spark.  In 
cases  where there a r e  several  sparks  in a gap their  identification can be 
facilitated by the different brightness and shape of the various spark  images.  
The spark brightness is adequate for  i t s  recording by a standard film with 
a sensitivity of 60-22Ounits GOST at  an aperture  of 8 to 16. 

the t r acks  of charged par t ic les .  The optical distortions due to the camera  
can be estimated or measured experimentally, and corresponding co r rec  - 
tions can be introduced 1 6 1 .  
performed manually or with the aid of special  automatic machines /7/. 
should be mentioned he re  that the evaluation of spark chamber pictures is 
s impler  than for  bubble chamber pictures,  since the spark coordinates can 
be measured with a lower precision and the picture is l e s s  cluttered up by 
background events. 

In o rde r  to  improve the precision the s ta t is t ics  have to be increased. 
The number of pictures increases  up to -lo6. F r o m  this number events 
satisfying cer ta in  c r i t e r i a  have to be selected (kinematics of the process  
being studied, geometry of the experiment, etc.) .  
of spark  chamber pictures is very laborious. 
machines can measure  the spark coordinates in one f r ame  in  1 - 3 seconds, 
i.e.,  106frames  can  be processed in 1 - 3 months. 
speed of l o 6  operations pe r  second can reconstruct the track in  space in 
-30 milliseconds and process  all the information in about 3 hours .  
fore,  the main delay in obtaining the final r e su l t s  is due to the measure-  
ments of the spark coordinates on fi lm. The solution is to forego photo- 
graphing the t racks and use  some f i lmless  method of data extraction. 

spark  chambers  have been developed 181.  

In different experiments electrodes 
F i lm-  

The requi rements  of pumping and filling the chamber  are quite simple: 

The description of various spark  chamber  designs can be 

Spark chambers  with a gap of the o rde r  of 1 cm a r e  fed by high-voltage 
The triggering of a spark  chamber  

A spark-gap 

For experiments performed with balloons or satell i tes a low -power 

Methods of obtaining information. Photography of the t r acks  in the spark 

In the l i terature  11, 3 /  a r e  described different sys tems for photographing 

The measurements  of the spark  coordinates is 
It 

The manual evaluation 
Automatic measuring 

A computer with a 

There-  

In recent  y e a r s  several  methods of f i lmless  data extraction f rom 
The common principal of all  
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f i lmless  methods is the following. Pick-up devices sensitive to the effects 
accompanying a gas  discharge (pressure increase,  e lectr ic  field, e tc . )  a r e  
used. 
to the position of the sparks .  
l a t e r  processing by a computer (off-line operation) to be fed directly to a 
computer and processed during the experiment (on-line operation). 

So far only one particle has  been detected in spark chambers  with a 
f i lmles s  recording of data. In principle, the t r acks  of s eve ra l  
par t ic les  simultaneously t ravers ing the chamber  could be recorded, but 
this complicates ma t t e r s  appreciably. 

In the study of elementary particle interactions wire spark chambers  
with magnetostrictive l ines /9/ or f e r r i t e  c o r e s  1111 were  used, as well 
as spark  chambers  w'ith television cameras  1111 and acoustic detectors  1121 
We shall  discuss  briefly each of the above methods, and then compare their  
technical possibilities. 

W i r e  chambers  possess  a short  recovery  t ime (i.e., they can be used in 
high-flux par t ic le  beams)  and contain a smal l  amount of ma te r i a l  along the 
par t ic le  path. The electrodes of such counters a r e  made of w i r e s  -0.1 m m  
indiameter  stretched parallel  to one another a t  intervals of- 1 mm.  One end of 
the wire  is connected to a common bus bar ,  the other end is electrically in-  
sulated. The control of the chamber  is achieved by conventional means.  

s t r i p  of a magnetostrictive mater ia l  is placed on the wire electrode 
(Figure 4). 
magnetic field is produced. 
magnetostrictive line there occurs  a local magnetization of the line causing 
a change in volume (magnetostrictive effect). rhe elast ic  deformation pro  - 
pagates along the line in both directions and can be recorded by the inverse 
magnetostrictive effect (change of the magnetization due to the formation) 
in ferromagnetic coils placed a t  the ends of the line. 

The electr ic  signals f rom these senso r s  can be uniquely related 
These signals can be either recorded for 

When the data is obtained via a magnetostrictive line, an insulated 

Around that wire along which the discharge cu r ren t  flows a 
At the point where the wire c r o s s e s  the 

OutputJ X 

output 

To the 
voltage 
general 

high- 
: pulse 
tor 

FIGURE 4. Wire chamber with a magnetostrictive line readout: 

1 - damping device; 2 - pick-up coil of the x-plane; 3 - magneto- 
strictive strip of the x-plane; 4 - high-voltage bus bar: 5 - ground bus 
bar; 6 - magnetostrictive strip of the y-plane; 7 - pick-up coil of the 
y -plane. 
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Knowing the propagation velocity of the ultrasonic wave in the s t r i p  
mater ia l  and the time f rom the spark  generation to the time of the pulse 
appearing in  the coil one coordinate of the spark  can be determined. 
other coordinate is obtained in a s imi l a r  way by an electrode placed at 90" 
with r e spec t  to the f i r s t  one. 
way. 
generator connected to a sca l e r .  
generator.  
pulses counted, the t ime of the ultrasonic wave propagation can be readily 
determined. The precision with which the spark coordinate is determined 
depends upon the precision of the charge localization near  the t rack and upon 
the precision of measuring the time interval.  
coordinates from several  sparks  depends upon the width of the magneto- 
s t r ic t ive pulse. The data readout t ime depends upon the chamber  
dimensions and the propagation velocity of the ultrasonic wave in the 
magnetostrictive mater ia l  (this velocity is 

through a magnetic co re  with a rectangular hysteresis  loop and grounding 
i t  (Figure 5). 
discharge occurs  between those wi re s  which a r e  close to the particle 
trajectory.  
in the corresponding f e r r i t e  core .  
the core  number, i.e.,  the spark  coordinate. 

The 

The time interval is measured in  the following 
The signal f rom the coincidence circuit  s t a r t s  a high frequency pulse 

Knowing the frequency of the generator and the number of 
The pulse f rom the coil stops this 

The spatial  resolution of the 

5 mm/psec) .  
The data is r ead  out by magnetic co res  by passing each wire 

When the high-voltage pulse is applied to the wires,  the 

The current  flowing along the wire changes the magnetization 
The pulse f rom the output winding gives 

''- Ferrite cores 'J 

FIGURE 5.  Wire spark,chamber with a ferrite-core readout: 

S - spark; 0, $- ferrite cores i n  the states "0" and "1," 
respectively; i -high-voltage pulse (+ is grounded). The 
currents flowing i n  the chamber are designated by a thick 
line. 

During the readout the f e r r i t e  co res  a r e  interrogated sequentially by a 
pulse which r e tu rns  a l l  co res  to their  initial state.  The readout time 
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depends upon the method of interrogating the co res .  
readout t ime a whole group of c o r e s  can be interrogated simultaneously. 
The precision of the coordinate determination and the spatial  resolution 
are determined generally by the inter - w i r e  distance.  

the image of the spark chamber is focused by means of m i r r o r s  and lenses  
upon the sc reen  of a vidicon. The sensit ive element of a vidicon consis ts  
of a photoconducting layer  upon a t ransparent  conducting surface 
(Figure 6). 
scanning electron beam. When a spark is formed the areas upon which the 
image of the spark fell are discharged. 
when the electron beam recharges these a r e a s  and a cu r ren t  flows through 
a load r e s i s to r .  
in tens i f  ier . 

In o r d e r  to reduce the 

Television data  readout. A s  i n  the case  of regular  photography, 

This l aye r  is charged to  a n  uniform negative potential by a 

The output signal is obtained 

The load resis tance is the input res is tance of the image 

i 

t 
To 

digital 
logic 

FIGURE 6. Vidicon diagram: 

1 - grid 110.4; 2 - screen; 3 - focusing and deflecting 
coils; 4 - grid no. 2;  5 - grid no. 1; 6 - grid no. 3 ;  
I - cathode; 8 - metal nipple; 9 - image intensifier. 

The spark coordinates a r e  determined in the following way. Upon 
reaching the spot discharged by the spark the scanning beam connects a 
pulse generator to a scaler  and switches i t  off when reaching the end of a 
l ine.  
spa rk  relative to the vidicon edge can be determined. 
spark coordinate and the spatial resolution depend upon seve ra l  factors :  
the resolution of the vidicon, chamber dimensions, sweep linearity and 
stability, brightness of the light signal, e tc .  The resolution of industrial  
vidicons is 500 l ines,  the dimensions of the sensit ive a r e a  is 9 X 1 2 . 7  mm2. 
The readout t ime consists of the scanning time and the t ime required to 
erase the old image. 

Knowing the beam velocity and the scanning time, the position of the 
The precision of the 

The scanning t ime of one l ine is of the o r d e r  of 
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several  tens of microseconds.  
longer. 

the t ime t it takes the sound to t ravel  the distance r from the spark  to a 
sound r ece ive r .  Fo r  a constant sound velocity vo = const, r = vot. How- 
ever ,  the p re s su re  wave produced by the spark is a shockwave and i t s  
velocity v = vo + Av depends upon r and the energy W of the spark.  The 
presence of the shockwave causes  the sonic signal to a r r ive  f rom a known 
distance r ea r l i e r  by At than predicted f rom the relation t = r /vo.  It can be 
assumed that the sonic signal w a s  emitted a t  a.distance A r  f rom the spark  
center,  i.e., the spark  has  a dimension Ar.  For the i- th sonic receiver  
r = voti+ A r .  The microphone is placed a t  such a distance f rom the spark  
that the assumption of a constant sound velocity introduces only smal l  
e r r o r s  in the measurements  of spark  coordinates. 

Fo r  the determination of the position of the spark four microphones a r e  
placed in each spark gap of the spark chamber.  
vo, A r  and the coordinates x and y. 
electrostatic (capacitance) microphones a r e  used. 
the time t w a s  already described in the discussion of wire chambers  with a 
magnetostrictive readout. 
and the readout time a r e  the same for acoustic spark  chambers as for  
magnetostrictive spark  chambers .  It should be kept in mind that the sound 
velocity in  an acoustic chamber  is lower by one o rde r  of magnitude and for  
neon -0 .5mmfpsec .  

to determine the c r i t e r i a  f o r  the use  of any particular method. 
that the main factor in choosing a method for  data recording i s  its 
reliabil i ty.  
done by photography with a subsequent visual processing of the fi lm. 
l e s s  sys tems for the detection of several  particles a r e  quite complicated 
and expensive and a r e  mainly used for  the detection of single particles.  In 
experiments a t  accelerators  wire chambers  with a gap of the o rde r  of 1 cm 
a r e  most  often used. The acoustic method is superior to other . f i lmless  
methods in the precision of the determination of the spark position. 
becomes very  important when measuring particle momenta by means of 
chambers  placed in a magnetic field. 
convenient for  obtaining the information f rom wide-gap (2 10 c m )  chambers  
and s t r e a m e r  chambers.  

It is the author 's  opinionthat fo r  balloon and satell i te experiments the 
most promising a r e  the television and acoustic methods. The advantage 
of the f i r s t  method is that commercial  television sys tems can be used, 
while the second method uses  a simple logic for  event selection in  the case  
of single particles and requires  a relatively low -frequency radio channel 
(- 1 MHz). 
f rom spark chambers  a r e  compared. 
chamber  parameters  a r e  given in this table. 

placed in  a magnetic field were used to measure  particle momenta. 
precision of momentum determination a t  p = 1 GeVfc with narrow-gap 
chambers  is 0.5- 1.0% (taking into account the instabilities of the magnetic 
field). Alikhanyan e t  al. 1131 were the f i r s t  to discover that the discharge 
in wide-gap chambers in  a magnetic field is bent. 

The , t ime to e r a s e  the image is 2 - 3  t imes  

In acoustical  spark  chambers  the position of the spark is determined by 

This enables u s  to calculate 

The method of measuring 
As sound r ece ive r s  piezoelectric o r  

The factors  determining the spatial  resolution 

Comparison of different methods of data readout. It is difficult 
It s eems  

The recording of complex multipronged events is generally 
F i lm-  

This 

The television method is the most 

In Table 2 the various methods for  obtaining the information 
The mean (not ult imate) spark  

Spark chambers  Measurement  of par t ic le  momenta and energies .  
The 

Bayukov e t  al. 1141 
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TABLE 2. Comparison of different spark chambers and data recording methods (data taken from /7.8, 9-12,16/) 
._ 

Signal 

mV 
Method amplitude, 

- Ferrite 
cores 

Wire 
chamber Magneto- 0.01-O.lmV/ 

strictive turn of the 
readout plck-up coil 

- Acoustic chamber 1-50 
Q, W 

Vidicon readout 1-3'* 

Photography of tracks 

One - 
dimensional 
resolution of 
two sparks, 

m m 

Precision of 
coordinate 

Signal -to- determination 
noise ratio for one spark 

(standard 
deviation), mm 
. _ _ _ ~ -  . 

>10  0.3-0.5 k I' 

- 0.3-0.5 P 3; 

-10 0.2 =-2 

-10 0.5 2 1' 

0.2 hl - 

Data Chamber 
readout dead time, 

time msec 

? 1 - 100 usec z o . 2  

2 100 * wsec -1 0 

zlwsec -1 0 

P 60-10W" usee/ -10 
spark gap 

film transport -1 0 
0.3 s*c/frame, 
measurement 

of spark 
coordinates in 

one picture 
1-3 sec 

Possibility of 
operation in a 
magnetic field 

- 

No 

P 20 kgauss 

Yes 

_c 50gauss 

Yes 

*' 
The data are estimates for a 50x50 X 1 cin'chamber. A wire spacing of l m m  was assumed for the wire chambers. 
For a L1-408 vidicon and an energy oi  0.02 joule fed in:o the spark. 



measured the energy of protons on the basis  of their  range in a spark 
chamber .  
technique is directed a t  present towards the possibility of particle identifi - 
cation. 

The best  r e su l t s  i n  measuring the p r imary  ionization were obtained with 
s t r e a m e r  chambers .  In 1151  was shown the possibility of measuring the 
relativist ic rise of the pr imary ionization with a n  e r ror  of 2%. 
chamber,  in which the discharge is localized nea r  the par t ic le  t ra jectory 
i r respect ive of the angle between the direction of motion of the particle 
and the electr ic  field, is a n  instrument with many possible future u s e s  in 
par t ic le  experiments.  
described in detail in 111. 

ionization power of the particle was found 111. 
t ies  for  particle identification by means of narrow -gap spark chambers  f 141. 
Development in this field is continuing and gas-discharge devices with new 
interesting propert ies  will probably be suggested in the future.  

The specific features  of spark chambers  in cosmic-ray investigations 
should be s t r e s sed .  
relatively low weight. 
there  exis ts  the possibility of a direct  t ransmission of data on the events 
being studied. 
mentioned below. 

lead -plate spark chamber,  a fact which clear ly  sepa ra t e s  these par t ic les  
from other relativist ic particles.  
efficiency for  several  particles in the same  gap is high, the photon or 
electron energy can be determined from the number of spa rks  a t  a given 
depth. 
described in 117 f .  

part ic le  momenta of the pr imary cosmic radiation f 18 f .  
for the maximum measurable momentum are lo1’,- lO”eV/c. 
chamber is probably the most  suitable detector for  cosmic -ray neutrinos. 
hlany other applications of spark chambers  can be indicated: in ionization 
calor imeters  for  energy measurements  of par t ic les  with energies  2 100 GeV, 
in muon spectrometers ,  e tc .  

One of the main efforts in developing the spark chamber  

The s t r e a m e r  

The propert ies  of the s t r e a m e r  chamber  a r e  

In wide-gap chambers  a dependence of the discharge brightness upon the 
There exist  many possibil i-  

Spark chambers  posses s  a l a rge  light yield and a 
In experiments performed with balloons or satell i tes 

Some examples of spark chamber applications will be 

High-energy electrons,  positrons, and photons produce a shower in  a 

If a t  the same  time the detection 

Spark chambers  for the detection of photons in outer space are 

Spark chambers  together with a magnetic field were used to measu re  
The est imates  

A spark 
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L. V .  Bakonov, K .  N. Ermakov,  V .  D. Lebedev, 
A .  V .  Monakhov, V .  I .  Rozum and M .  V .  Stabnakov 

HEAVY-LIQUID BUBBLE CHAMBER FOR 
INVESTIGATIONS IN COSMIC-RAY PHYSICS 

Track chamber detectors,  nuclear emulsions and cloud chambers ,  a r e  
The advantage in use for  a long time already in cosmic-ray experiments.  

of these methods of particle detection is especially great  when the problem 
consis ts  of identifying a n  unknown particle.  The f i r s t  picture of a positron 
t rack w a s  obtained in a cloud chamber.  
discovered in the cosmic radiation. 

(1022nuclei/cm3), or, in other words, the probability of a nuclear i n t e r -  
action is high. However, nuclear emulsions a r e  not suited for  the study 
of space-time variations of the cosmic r a y s .  
on the other hand, yield space-time character is t ics  of the detected radiation. 
Hut even a t  high p r e s s u r e s  the density does not exceed 10'gnuclei/cm3. 
The low density r ende r s  the conditions for  event identification appreciably 
worse.  

in the form of chains of vapor bubbles in a superheated liquid, is a n  
instrument which combines the advantages of the nuclear emulsion and the 
cloud chamber.  
from 3 .  10" nucleons/cm3 (liquid hydrogen) to - 1 0 2 4 n u c l e ~ n ~ / c m 3  (xenon). 
In bubble chambers  a l a rge  variety of liquids can be used. 
almost any liquid with suitable thermodynamic propert ies  can be used, i.e., 
there  exis ts  the possibility of choosing the nuclear composition of the 
chamber liquid for  different experiments.  
a photon detector with a high detection efficiency. 
posses ses  no "memory" and is therefore independent of the amount of 
radiation incident upon the chamber in one cycle; this radiation has  no effect 
upon the next cycle of the chamber.  In other words, there  is no danger of 
overexposing the chamber in one o r  more  cycles.  
upon film are fixed in t ime by the chamber cycle, while the r a t e  of the 
chamber expansion can be determined according to the problem being studied. 
The existing methods of processing bubble chamber pictures enable u s  to 
c a r r y  out analyses of angular distributions with an e r r o r  of not more  than 1'. 
The bubble chamber detects all charged particles : protons, electrons,  
LY -particles.  
par t ic les  a lso photons with a high efficiency. 
bubble chamber design can be made large enough, which is very important 

In a s imi l a r  way mesons were 

The main advantage of the nuclear emulsion is i t s  high density 

The cloud chamber /1/  can, 

The bubble chamber,  in which t r acks  of charged par t ic les  a r e  formed 

The density of the liquid in the bubble chamber va r i e s  

In principle, 

F o r  example, i t  can be used a s  
The bubble chamber 

The events recorded 

A freon (CF3Br) filled chamber detects in addition to charged 
The solid angle for  a suitable 
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for  cosmic r ays ,  which have a n  isotropic spatial  distribution. 
of a bubble chamber the energy, mass  and direction of motion of a particle 
can be determined. All these features  make the bubble chamber an 
extremely convenient instrument for  the study of the space- t ime variations 
of the cosmic r ays .  There are at  present no basic difficulties in mounting 
a bubble chamber in satel l i tes  in the upper l aye r s  of the atmosphere.  The 
information on the weight of equipment in satel l i tes  leads u s  to hope that 
l a rge  bubble chambers  could be mounted in satel l i tes .  

By means 

PARTICLE IDENTIFICATION IN A BUBBLE CHAMBER 

The t r acks  of charged par t ic les  incident upon the chamber while the 
la t ter  is sensitive are recorded photographically. 
photographed by two o r  more  cameras .  
way are then measured on special  measuring machines with the a im of a 
subsequent reconstruction of the track coordinates in space,  since the 
coordinates comprise  the main portion of the data on the particle.  

have to be measured.  
the track in the chamber .  
particles which a r e  produced and stopped in the chamber.  
determines the particle energy. 
and i t s  relative velocity pp is determined by measuring the multiple 
scattering, i .e . ,  by measuring the track direction a t  many points, since the 
t r acks  a r e  not straight,  especially in a heavy liquid. 
of scattering is the main method of particle identification in heavy-liquid 
(high density, high atomic number) chambers  operating without a magnetic 
field. 
track picture were developed for  nuclear emulsions.  Knowing the particle 
range and the multiple scattering in the chamber the m a s s  of the particle can 
be determined. 

The final processing of the resul ts  obtained, i . e . ,  yielding the cha rac -  
ter is t ics  of the par t ic les  detected by the chamber,  is performed by means 
of special  computer p rograms  1 2 1 .  

operating without a magnetic field, i.e., in conditions typical for  a self- 
contained mode of operation, enables one to derive practically a l l  the 
information on the charged par t ic les  recorded in the chamber.  
a chamber of even moderate dimensions filled with freon can se rve  a s  
photon detector with a high detection efficiency. 
the composition of the radiation, the chamber automatically gives a lso i t s  
space -time character is t ics .  

The chamber  volume is 
The s t e reo  p a i r s  obtained in this 

For the kinematical analysis of events the angles between the t racks 
'The particle range is determined by the length of 

The range is the main method of identifying 
The range 

The product of the par t ic le  momentum 

The measurement  

The methods used fo r  measuring the particle scattering f rom the 

From the above discussion i t  follows that a heavy-liquid bubble chamber 

In addition, 

In addition to determining 

SELF-CONTALNED BUBBLE CHAMBER MODEL 

In FTI  i m .  A. F. Ioffe AN USSR a heavy-liquid chamber was constructed 

The same  chamber with cer ta in  design modifications of 
for  the performance of special  dosimetr ic  experiments on the FTI 
synchrocyclotron. 
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the auxiliary p a r t s  could have been used on balloons for  studies in the 
upper atmosphere.  

In the design of this chamber allowance was made for  the fact  that the 
chamber has  to  detect protons and photons over  quite a l a rge  energy in t e r -  
val .  The liquid chosen for  operating the chamber w a s  bromine freon 
F13-V1. The thermodynamic properties of this  type of f r eon  render  it 
convenient for  a self-contained chamber.  The energy range being detected 
is determined by the chamber dimensions and the liquid cornposition. It is 
obvious that a n  increase in the chamber dimensions leads to an appreciable 
increase of the weight. A chamber of small  dimensions, however, has  
appreciably poorer detection possibilities. 

threshold is 50 MeV for  protons, 2005TeV for  u -particles and 6 hleV for 
photons. Charged par t ic les  are recorded in the chamber with 100% 
efficiency, while the detection probability of photons is a t  least  70%. 

A chamber which can be mounted in a balloon is described schematically 
in Figure 1. A hermetically sealed envelope ( 7 )  containing the chamber (4) 
is enclosed in a heat shield ( 6 ) .  
down direction should be shielded by the auxiliary c.oniponents of the 
chamber .  

The geometrical  factor of the chamber is 500 c m 2 .  s t e rad .  The detection 

The chamber is placed s o  that the up- 

The main components of the chamber  are described below. 

FIGURE 1. 

1 -high-pressure receiver; 2 - low-pressure receiver; 3 -electromagnetic valve; 4 - bubble chamber; 
5 - container V =40 1, p = 150 atin; 6 -hear shield; I - hermetically sealed vessel; 8 -chamber light 
source; 9 -control circuits and supply unit; 10 - pressure stabilizer; 11 - rigid fin: 1 2  - prcssure control 
unit; 13 -safety valve; 14 -stereoscopic camera system. 

Proposed design for a bubble chamber to be mounted in balloons: 

The chamber body (Figure 2 )  is a thin-walled s ta inless  steel  cylinder 
of 200" inner diameter  with three r ib s  for bet ter  rigidity. 
thickness is 2 m m ,  the volume 5.3 l i t e r s .  The chamber is closed at  both 
ends by two plane g l a s s  windows 70" thick. 
and photographed via these windows. In a side wall of the chamber 
there  is an opening covered by an elastic diaphragm (2 )  controlling 
the expansion (Figure 3). 

the chamber liquid should fo rm a track, the liquid has  to be superheated to 
a definite degree.  This is achieved by a special  electromagnetic valve (1) 
which reduces the p re s su re  on the diaphragm ( 2 )  f rom P h t o  PI /3/ .  

The wall 

The chamber is illuminated 

Expansion system (Figure 3 ) .  In o r d e r  that a charged particle traversing 

The 
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excess  gas  is transferref1 to the container (31, where i t  is kept a t  the 
p re s su re  P, by mean.; ( I f  the p re s su re  s tabi l izer  (4). 
m e t e r s  of the chambcr a r e  thus kept fixed, which is very important for 
prolonged operation of the chamber .  

The operating pa ra -  

FIGIIKE 2. 

1 - chamber body; 2 - flange: 3 -glass window: 
4 - diaphragm. 

Body of a heavy-liquid bubble chainbcr: 

After reducing the p re s su re ,  the electromagnetic valve r e tu rns  to i t s  
original position, again delivering gas  a t  a p r e s s u r e  Ph f rom container (5) 
to the diaphragm. 
( V = 4 0  l i t e r ,  P -150a tm)  via a standard reduction valve. 

The container (5)  is connected to the gas  source ( 7 )  

FIGURE 3. 
chamber. 

Fxpansion system of a bubble 
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During one expansiori rycle  5 l i t e r s  of gas  under normal  conditions are 
removed f rom under tirca diaphragm. The gas  leaks in the above-described 
system a r e  estimated t o  be 2 l i t e r /min .  F r o m  the  above data on the gas  
consumption the amount of gas  in a standard 40-liter cylinder (P= 150 a t m )  is 
sufficient f o r  a continuous operation of the above -described bubble chamber  
for  10 hours  a t  a r a t e  of one expansion p e r  niinute. 

design. 
Illumination system. The chamber  light source is of a very simple 

Its  principle of operation is shown in Figure 4. It i l luminates the 
whole t rack length. The light source is 
a IFK-120 flashtube. The energy consump- 
tion during one chamber cycle is 40 joule. 

of the t r acks  a r e  determined f rom s t e reo -  
photographs of the chamber  volume. In 
the chamber being described the photo- 
graphy was performed by two "Jupiter-8' '  
l enses  ( F =  52.5nim, 2/3=45"). The d i s -  
tance between the lenses  - the base - w a s  
120 mni.  
8. A35-mmperforatedfi lm of type KN-4S 
w a s  used. 
to both cameras .  

Photography. The spatial  coordinates 

FLGliKF 4. Uluiiiinarion system: 

1 - flash rube; 2 - reflecring envelope: 
3 - screen; 4 - illuiriinaied voluiiie. 

The average demagnification was 

The film transport  was common 
To facilitate the scanning 

of the film each f r ame  had i t s  number imprinted on the fi lm. 

control unit performing the following tasks:  1) varying the p re s su re  in the 
chamber by means of a n  electromagnetic valve; 
tube; 
the f r ame  number on the f i lm.  

varied over a wide range. 
cluding the auxiliary equipment, is about 300 kg, the capacity is 600 s t e reo -  
pair  s .  

Control system. The bubble chamber  is controlled electronically, the 

2 )  switching on the flash 
3 )  fi lm transport  by switching on and off an electr ic  motor,  imprinting 

The t ime interval between two subsequent chamber  expansions can be 
The estimated weight of the whole system, in-  

E, M e V  

FIGI'KE 5. 
the chaiiibcr. 

The proton energy spccrruiii observcd in 
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A chamber filled with freon 13-V1 was successfully tested in  a proton 
beam of the synchrocyclotron of the Joint Institute f o r  Nuclear Research. 
Several  thousands of pictures were taken. 
the chamber possessed a wide energy spectrum (Epmax = 150 MeV). 
spectrum obtained after processing the p ic tures  is shown in  Figure 5. 
this f igure i t  follows that protons with energ ies  f rom 50 to 140hleV a r e  
detected in the chamber with an efficiency close to 100%. 
tion of the r e su l t s  obtained indicates the possibilities of using the heavy- 
liquid bubble chamber  without a magnetic field in physics experiments.  
F r o m  the details  given above it s e e m s  feasible to use  this chamber in 
balloon flights in  the upper l aye r s  of the atniosphere.  

cosmic r a y s  are incident upon the chamber  was investigated. 
integral  proton flux (EP = 660 MeV) causing a f i lm blackening of L> = 0.35. 
was determined experimentally. 
6 * 10' protons/cm2. 
protons by suitable shielding, since the volume of the f i lm magazines is 
not la rge ,  and the shielding does not cause any appreciable increase  in 
weight. There a r e  no fundamental difficulties in supplying the var ious  
elements of the chamber with power. The expansion method used does 
allow the operation of the chamber for long periods of t ime due to the 
appreciable gas  consumption. 
methods, for chamber expansion do not s eem probable a t  present.  
r ema ins  only one way, namely the design of a pneumatic expansion system 
with a lower g a s  consumption. 
on utilizing the elastic properties of the operating liquid 141. Calculations 
indicate that such a pneumatic expansion system could reduce the gas  
consumption by a factor close to 5, which will increase  appreciably the 
data that could be obtained by a bubble chamber under the same  
conditions. 
of t ime, and there  is the possibility of mounting the bubble chamber in a 
satell i te and performing detailed studies of particle fluxes in oute- space.  

instrument for  cosmic-ray investigations. 
enables the determination of the angular distribution of ionizing particles,  
their  spectrum over a fairly wide energy range, the composition of the 
ionizing radiation and i t s  space -time charac te r i s t ics .  

The au thors  would like to thank G. E. Kocharov, A. & I .  Romanov, 
E. I. Chuikin and V. A. Ronianov for their  participation i n  the discussions 
on a self -contained bubble chamber.  

The proton beam incident upon 
The 

F rom 

The final evalua- 

The problem of using standard fi lms fo r  photographing the chamber while 
The allowable 

The allowable flux turned out to be 
One can get r id  of the influence of l e s s  energetic 

The use  of other,  nonpneumatic expansion 
There 

A method which looks promising is based 

In this way the chamber could operate fo r  much longer periods 

The chamber described is the r i r s t  at tempt at designing such an  
The use  of a bubble chamber  

B i b l i o g r a p h y  

1. D a s G u p t a ,  N .  and S. G o  s h . Kamera  Vil 'sona i ee  primenenie v 
fizike (Cloud Chamber and i t s  U s e  in  Physics).-  hloskva, 
Gostekhizdat. 1947. 

2 .  B u k a t ,  G.M. ,  N . M .  V e r s h i l o v a ,  K.N. E r m a k o v ,  E .A.  
K o t i k o v ,  and T.Ya. Y u r e v i c h .  P r o g r a m m a  geometricheskoi 
rekonstruktsii  dlya E V M  "Ninsk-22" (Geometrical  Reconstruction 
P r o g r a m  for the "Minsk-22" Computer).- P rep r in t  FTI, NO. 175. 
1969. 

171 



3 .  A l e k s a n d r o v ,  Yu.A., G.S. V o r o n o v ,  V . M .  G o r b u n o v ,  
N.B.  D e l o n e ,  and Yu.1. N e c h a e v .  Puzyr'kovye kamery 
(Bubble Chambers).  - Moskva, Gosatoniizdat. 

Chambers, Heidelberg. 1967.  

1963. 
4. D y k e  s , M .  S. and G .  B a c h y  . - International Colloquium on Bubble 

172 



I 

V . S .  Chukin 

MATERIALS FOR THE OPTICAL SYSTEMS OF 
CHERENKOV A N D  SCINTILLATION COUNTERS 

The amplitude resolution of scintillation and Cherenkov counters is 
limited by the spread of the input signal. 
statist ical  nature of a whole s e r i e s  of p rocesses  occurring in the 
detector - lightguide - photomultiplier system. These p rocesses  
can be divided into the following three groups: 1) the generation of photons 
in the detector by the radiation being detected; 2 )  the propagation of the 
photons in the optical system of the counter; 3) the signal generation in the 
photomultiplier. 
tions performed with the a im of searching for  and developing new ma te r i a l s  
to  improve the light yield and the light collection in the detector - 
lightguide - photomultiplier system, and thereby improve the measuring 
propert ies  of Cherenkov and scintillation counters.  
the appreciable difference between the spectrum of the Cherenkov radiation 
(Figure,  curve 13) and of the radiation produced in a scinti l lator (curve l), 
photomultipliers and mater ia ls  with suitable spectral  character is t ics  should 
be used in Cherenkov counters (curve 12) .  

Since the Cherenkov radiation intensity inc reases  rapidly with a dec rease  
in wavelength, one of the main possibilities of increasing the light yield froni 
a Cherenkov counter is to use  a radiator with a sufficiently high refract ive 
index (if  i t  is not limited by the energy threshold of the par t ic les  being 
detected) and a good t ransmission inthe short-wave region. In many c a s e s  
Plexiglas (n = 1.5) can be used. 
posses s  a good t ransmission in the short-wave region. 

The investigations performed on the light t ransmission of var ious 
polymers  /1/ based on high-purity methylmetacrylate made i t  possible to 
determine the composition of Plexiglas having a high t ransmission in the 
short-wave region (curve 7).  
as a radiator  and lightguide in Cherenkov counters.  It is interesting to  
note that plastic scinti l lators based on especially pure methylmetacrylate 
/ 2 /  have a higher t ransmission a = 0.010 cm-') than polystyrene-base 
plast ics  (LY = 0.035cm-'); (curves 4 and 3 ) .  
t ransmission spectrum of a IO-" thick monocrystal  of TlC1. 
ma te r i a l  can be effectively utilized a s  a radiator  i n  total absorption 
Cherenkov counters (xo = 0.94cm, p= 7.0g/cm3, n = 2.2).  

to reflections a t  the interfaces  of different par ts ,  the ma te r i a l  used for  
effecting the optical contact should have a high t ransmission coefficient 
in the wavelength region of the radiation being detected and also a suitable 
r e f r ac t ive  index. The best r e su l t s  a r e  achieved when i t s  refract ive index 

The spread is due to  the 

Below are given some re su l t s  of experimental  investiga- 

Taking into account 

Commercial  Plexiglas in general  does not 

Such a type of Plexiglas can be recommended 

Curve 2 in the figure is the 
This 

In o r d e r  to reduce light l o s s e s  in the optical system of the counter due 
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lies between the refractive indices of the mater ia ls  being brought into 
contact. 
propert ies  1 3 1 .  
seve ra l  bonding mater ia ls  based on various conipounds and used in 
experimental  setups used for investigating pr imary cosmic radiation 141. 
The optical and mechanical propert ies  of these bonding compounds possess  
several  advantages over  the often used Canadian balsam (curve 5). 

In many cases i t  is advisable to use  mater ia ls  having bonding 
In the figure a r e  shown the t ransmission spec t r a  of 

FIGURE. Some spectral-optical characreristics: 

1 -emission spectrum of NaI(i-1). Transmission spccrra; 2 - TlCl monocrystal 
(10mm); 3 - polystyrene-base plastic scintillator (IO m m ) ;  4 - polynierhylineta- 
crylate-base plastic scintillator (10 m i d ;  5 - (:anadian balsam ( 4 0 ~  thick); 
6 -epoxy optical glue (4011 thick); I -Plexiglas w i t h  improved transmission; 
8 -glue on a monomeric cyanacrylate ( 3 0 ~ 1  thick); 9 - KV-3  silicon grease ( 5 0 ~  thick): 
1 0  - Silicon fluid FS-I5 ( 3 0 ~  thick); 11 - spectra characterisric of FE1'-52; 
12 - spectral characteristic of FEU-39A; 13 - Cherenkov radiation spectruni. 

B i b l i o g r a p h y  

1. R u b t s o v ,  M.A., M.I. F r o l o v a ,  and V.S. C h u k i n .  Organicheskoe 
steklo dlya detektorov cherenkovskikh schetchikov (Plexiglas 
fo r  Detectors in Cherenkov Counters). - P T E  (in print). 

2. G u n d  e r ,  0. A. Doklad na V Vsesoyuznoi konferentsii PO sintezu, 
proizvodstvu i ispol'zovaniyu stsintillyatorov (Fifth All-Union 
Conference on the Synthesis, Production and Utilization of 
Scintillators).- Khar'kov, June 1969  (in print) .  

3 .  C h u k i n ,  V.S.- Preprint  FIAN SSSR, No. 96. 1967 .  
4. C h u k i n  , V. S.- Author's Summary of Candidate's Thesis,  Izd. 

FIAN SSSR. 1968. 

174 



G. M.  Gorodinskii and E .  M .  Kruglov 

ON THE POSSIBILITY OF DETERMINING THE 
DIRECTION AND POLARIZATION OF A PHOTON 
BY TWO CONSECUTIVE COMPTON SCATTERINGS 
IN THE DETECTOR MATERIAL  

Below a method is described for  determining the direction of a photon 
based upon the detection of two consecutive Compton scat ter ings.  
method can be utilized in the construction of detectors  for the sea rch  and 
investigation of localized astrophysical gamma -ray sources  in the energy 
range f rom 1 to 50MeV. The detector should be made of scinti l lator f ibe r s .  
The efficiency of such a chamber of dimensions 15OX 15OX 150 mm3 
inc reases  f rom 3 to 4070, when the energy of the incident photons dec reases  
f rom 50 to 5MeV. 
The angular resolution Afi in the azimuth is given by the expression 

This 

The geometryfactor  of suchadetector  i s  200 cm'. s terad.  

and the resolution A0 in the zenith is computed from the relation cos 8 = 

= 1 - K ~ K l  and is determined by the energy resolution of the instrument,  

where p is the density of the scintillator mater ia l ,  g/cm'; x is a coefficient 
of the o r d e r  of unity; d is the diameter  of the scinti l lator fiber,  nim; 

is the mean square multiple scattering angle in a 1-cni thick scinti l lator,  
(radian)'; 0 is the angle between the p r imary  and the scat tered photons; 
5: is the angle between the scat tered photon and the electron; k '  and r a r e  
the energies  of the scat tered photon and the electron, respectively.  

for  p =  1.05g/cm2 (polystyrene), d = 0.5" a s  a function of the p r imary  
photon energy k and the rat io  of energies k ' / k .  

T 

Below are given the sma l l e r  of the e r r o r s  A0 and Afi which a r e  obtained 

k 
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In coniparison with other  detectors  the scintillation chamber can  have 
in the same  energy interval an angular resolution bet ter  by one o r d e r  of 
magnitude and a geometry factor l a r g e r  by two to three o r d e r s  of 
magnitude. 

spark chambers  together with multiwire proportional counters f o r  the 
detection of successive Compton scat ter ings.  The angular resolution, 
efficiency and geometry factor of such detectors  is comparable with the 
corresponding pa rame te r s  of the scintillation chamber .  

scatterings a r e  sensitive to the l inear  polarization of the p r imary  photons, 
anti the asymmetry coefficient R inc reases  with a decrease in the p r imary  
photon energy and reaches 12% for  p r imary  photons of - 5 MeV. 
to detect polarization is an important advantage of the proposed method, 
since the instruments  used in gamma astrononiy a r e  not sensit ive to 
polarization. 

In the energy range below 10nleV i t  is bet ter  to use  a hodoscope o r  wire  

Detectors based upon the detection of two successive Compton 

The ability 
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V. V .  Petrov 

FIVE-CHANNEL A N A L Y Z E R  FOR 
L O W - L E V E L  SIGNALS 

The analyzer described below has  been operating for s eve ra l  y e a r s  in a 
low -background system nieasuring very sma l l  amounts of radioactive 
gases  f 11. Si;ce the measurement t imes generally vary f rom seve ra l  
days to months, the requirements on the stability and reliability of the 
system a r e  very stringent.  
spectrum is not required in this case,  i t  is possible to use a n  analyzer 
with a sma l l  number of channels. 

Since the detailed knowledge of the pulse-height 

FIGURE 1. Block diagram of the pulse-height analyzer. 



A character is t ic  feature of this pulse-height analyzer is the fact  that the 
pulse -height analysis  is performed without preliminary amplification. 
makes i t  possible to forego the amplif ier  - one of the unstable elements of 
the measuring system. The block diagram of the pulse-height analyzer is 
given in Figure 1. 

connected four comparison cascades CC and the amplifier AI. The f i r s t  
threshold of the analyzer is determined by the amplification factor of the 
amplifier AI. The amplified pulses tr igger a blocking generator BG. 
pulses  shaped by the blocking generator with a durtion of l 0 p s e c  are 
limited by a U818V Zene r  diode having a temperature  instability of 
O.Ol%/l"C and are fed to a voltage divider, which determines the necessary 
thresholds,  and f rom there  to the corresponding comparison cascades.  
These cascades a r e  based on differential amplif iers  (Figure Z ) . ' :  
comparison cascades CC1- CC4, together with the e r r o r  signal amplif iers  
Az-A4 and the output coincidence circui ts  ANU12-AND1S fo rm four 
discr iminators .  
which determine i t s  precision of operation. 
discussed in detail.  

This 

The negative pulses are fed to the analyzer input IN1, to  which are 

The 

The 

The discriniinators are the main elements  of the analyzer 
The operation features  will be 

I I A 

!M1" 
IO. 0 

Output t+ 
FIGIIKt 2. Differenrial amplifier. 

It is well known / 2 /  that the output pulse f rom a differential amplifier 
operating in a pulse mode can be written as 

Uout = Kd (Uin  - u b )  x s ( U i n + U b )  -Kd[(Vin-Vb) + -1 N J (1) 

where U i n  is the pulse height of the input pulse a t  IN1; u b  is the bias  voltage 
a t  INz; kd is the amplification factor of the difference signal; k ,  is the 
t ransmission coefficient of the result ing pulse; N is the rat io  between the 
amplification factor  of a symmetr ical  input signal a t  IN1 and IN2 and the 
amplification factor of two equal input signals. 

* The diode D, in  the comparison clrcuir is a means of prorection againsr overloads, which can occur when 
connecting the analyzer to a device marching rhe pulse source wirh rhe analyzer input. 
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This ra t io  is often called the suppression coefficient of the total signal. 
The condition for  the operation of the comparison cascade can be written 
as U o u t =  uh,  where U t h  is the threshold sensitivity of the circui t  following 
the differential amplifier.  Using this condition, the relative e r r o r  of the 
discriminator is given by 

where 6 in is the instability (relative e r r o r )  of the discriminator transformed 
to the input; Uth = U&,/kd is the threshold sensitivity of the discr iminator  
(sensitivity a t  U b  = 0); U b  is the bias  voltage (discriminator threshold); 
6 t h  = 6 d  + h t S  is the relative e r r o r  in U t h ;  6 r  is the relative e r r o r  in the 
amplification factor  of the difference pulse in the differential amplifier; 
6 [ ,  is the relative e r r o r  in U;h; 6 N  is the relative e r r o r  of N; 6 b  is the 
relative e r r o r  in the bias voltage. 

F r o m  expression ( 2 )  i t  follows that in o rde r  to  achieve the smallest  
possible value of 6 i n  i t  is necessary to reduce U[h and increase N.  The 
minimum value of u [ h  is determined by the internal noise of the differential 
amplifier.  
emi t t e r  res is tance in the differential amplifier 121 .  In the above circui t  
the differential res is tance of the collector transit ion of the T3 t r ans i s to r  
s e r v e s  as the emit ter  res is tance.  Measurements have shown that for  the 
circui t  shown in Figure 2,  N = 8000, 6 N  = 0.8%/"C, k r  = 27, 6 ,  = O.l%/"C 
in the temperature  interval f rom -20 to + 60°C. The specifications of the 
t r ans i s to r s  used in the circui t  w e r e  u = 0.97 and Ices 1 p A  a t  20°C. 
Measurements with two comparison circui ts  yielded almost  identical 

r e su l t s .  Thus the e r r o r  of the comparison circuit  was Rd;\l= O.O002qo/"C. 

This quantity was also measured directly,  and the r e su l t  was confirmed.':' 

difference in the leading edges of the pulses being investigated and the bias  
pulse, and also due to the different a r r i v a l  t imes of these pulses a t  the input 
of the comparison circuit  there  appears  a voltage overshoot leading the 
e r r o r  signal. When this pulse pas ses  through the differentiating circui ts  of 
the amplifier,  this overshoot causes  a change in the pulse height of the e r r o r  
signal. The spread in the delays of the signal and bias  pulses,  and also the 
instabil i t ies in the differentiating elements can lead to a drift  of the 
discr iminator  threshold equivalent to a drift  in the bias  voltage. 
general  ca se  this e r r o r  can be writ ten a s  

N can be increased by using the highest possible values of the 

One peculiarity of the discriminator should be mentioned. Due to the 

In the 

6 , = c - & ,  Ta 
Tdif ( 3 )  

where 7 3  is the duration of the overshoot; Tdi f  is the differentiation constant 
of the e r r o r  signal amplifier; c is a coefficient depending upon the rat io  of 
the leading edges of the signal and e r r o r  pulses and the integration constant 
T~ of the e r r o r  signal amplifier (c is always less than unity); 6, is the e r r o r  
in the e r r o r  pulse height shift. 

possible.  
loading circui ts  so that during the t ime 7 3  there  will be no recharging of the 

F r o m  ( 3 )  i t  follows that 6, can be decreased by choosing Tdif as l a rge  as 
The e r r o r  signal amplifier should be constructed f rom nonover- 

* The time instability of the comparison could not be ubserved during 6 hours of continuous operation, and 
rherefore only an upper limit of 0.0015q0 could be established. 
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capacitances between the cascades.  
in T~~~ hardly inc reases  the noise a t  the input of the differential amplifier;  
however, when choosing -rdif, the spectral  power distribution of the noise 
in the device matching the signal source with the analyzer input should be 
taken into account 131. 
constants of the e r r o r  signal amplif iers  &-A5 were chosen to be 40psec.  
With this value the noise a t  the input of the comparison cascades with 
T~ = 1.5vsec was 40- 50,uV (at the 36 level). 
100,uV. 
6th = 20/0/”C. 
36  level)  fo r  

It should be mentioned that the inc rease  

In the analyzer under discussion the differentiation 

F r o m  he re  U h  was chosen as 
The range of the analyzer thresholds w a s  0.1-100mV a t  the input, 

The noise a t  the input of the amplifier A1 was 20,uV (at the 
= 1.5psec,  -rdif = 30psec.  

t -Input 
pulse I I t Pgsef rom the 
blocking 

f0 w e c  generator 
t -output pulse 

from the 
comparison 
circuit 

1 I I 
I 

r 

c Input - pulse to  
! the comparison 

circuit 
output pulse 

FIGURE 3. 
nator. 

Voltage diagram i n  the discriini- 

The operation of the discr iminators  of the analyzer is explained in the 
voltage diagram in Figure 3. 
gating pulse which has  a duration of 3,usec. 
by the multivibrator hI15 for  4 p s e c  with r e spec t  to the leading edge of the 
input pulse. This delay eliminates the influence of the e r r o r  signal ove r -  
shoots caused by the base-collector capacitances of t r ans i s to r s  T1 and T2 

(see Figure 2 ) .  During this t ime the oscillations produced by the self-  
induction of the wire  potentiometers in the bias  voltage block a r e  
attenuated. The output pulses f rom the coincidence circui ts  AND12 - AND15 
tr igger  the multivibrators M19-Mz2, the output pulses of which have a 
duration of 20psec.  
performed in the usual way /4/  by the anticoincidence circui ts  OR1-ORs. 
The memory of the analyzer consists of electromechanical counters 
CNT1- CNT12, type SB-1M. 
multivibrators MI-  Mlz. 
numbered counters record all input pulses.  
operate  in coincidence o r  anticoincidence (depending on the position of the 

The output of multivibrator Mi7 s e r v e s  as a 
The gating pulses a r e  delayed 

The separation of the pulses among the channels is 

The counters a r e  operated by pulses f rom the 
The memory is divided into two pa r t s .  The even- 

The odd -numbered counters 
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switch S) of the input pulses with some external  pulses (e.g., f rom an active 
shielding system). 
ANDl-AND12. 
8 p s e c )  a r e  delayed with respect  to the leading edge of the input pulse by 
8 p s e c  by the multivibrator ILI16. This delay makes i t  possible to operate 
the analyzer in coincidence or  anticoincidence with external pulses which 
do not coincide with the detector pulses t imes.  These modes of analyzer 
operation a r e  achieved by the circui ts  AND11 and ORs, which t r igger  the 
multivibrator MIS (duration of output pulse 8 p s e c )  via the adder ADD. 
total number of pulses recorded by the five channels of the analyzer should 
coincide with the numbers recorded by CNTl and CNTz. This  s e r v e s  as a 
check on the reliability of the electronics.  

proportional counter are r a r e  events, so that no effort was made to render  
the analyzer fas t .  The present  analyzer can operate  with mean r a t e s  of 
lOpulses/sec.  It is designed to operate with input pulses having a duration 
of a t  l ea s t  l 0 p s e c  and a r i s e t ime  l e s s  than 2psec .  
those in Figure 2 a r e  standard and therefore a r e  not described h e r e .  
analyzer is supplied by a regulated power source of +2 and -12V. 
reliability of this instrument is borne out by three y e a r s  of t rouble-free 
operation in a low-background system. 
O.5%/0/Uin + 20pV for  a month, when operating in the temperature  range from 
10 to 30°C. 

and Yu .  N .  Starbynov for their  valuable cooperation in solving seve ra l  
problems which occurred during the development of the present analyzer.  
The author would also l i k e  to thank 0. M .  Voropaev for  h i s  help in  the 
construction of the instrument.  

The counters are controlled by the coincidence circui ts  
The pulses f rom the gating multivibrator Mi4 (duration 

The 

When operating with a low-background system, pulses f rom the 

All components except 
The 

The 

The threshold dr i f ts  do not exceed 

The author would like to thank G .  E .  Kocharov a s  well as V .  0. Naidenov 
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V .  S. Eletskii  

A METHOD FOR DETERMINING THE PARAMETERS 
OF TUNNEL- DIODE PULSE-  HEIGHT DISCRIMINATORS 

In recent  y e a r s  tunnel diodes are being used more  often in pulse-height 
discr iminators .  However, until now there  is no simple analytical method 
for  the design of the spectrometr ic  channel, nor a precise  engineering 
calculation of tunnel-diode discr iminators .  

The spectrometr ic  channel consis ts  of a detector,  preamplifier,  
amplifier and one o r  seve ra l  tunnel -diode pulse -height discr iminators .  

The sensitivity of the lower -limit discriminator determines the gain 
of the amplifier and the e r r o r  in the t r igger  threshold: 

where I s  is the minimum required pulse height to t r igger  the tunnel diode; 
AI , is the necessary change in  I, caused by changing the discriminator 
t r igger  level due to a n  unstable operation of the circui t .  

A p rec i se  computation of A I ,  which is due to variation in the supply 
voltages, temperature  dr i f ts  of the peak current  and i t s  degradation 
cannot be effected on the basis  of a l inear  tunnel-diode character is t ic .  
Therefore,  in o r d e r  to clarify the simple relation between the cu r ren t  and 
voltage, measurements  of the initial, r is ing pa r t  of the character is t ics  of 
the tunnel diodes AIlOlA, AIlOlB, AIIOlV, AIlOlD and AI1011 were 
performed. These measurements  have shown that: 1)  fo r  a l l  these tunnel 
diodes the initial p a r t s  of the character is t ic  a r e  identical; 2 )  th is  pa r t  of the 
character is t ic  can be very well described by a pa r t  of a sinusoid f r o m Q  to 
90"; 

The relation between the cu r ren t  and the voltage along the initial, r is ing 
pa r t  of the tunnel-diode character is t ic ,  as deduced f rom the measurements ,  
is given by ( 2 )  

3)  the sinusoidal dependence is not influenced by temperature .  :\ 

where vo is the displacement voltage; v1 is the peak voltage of the charac - 
ter is t ic .  

of the circui t  can be easily determined f rom the above sinusoidal relation. 

precisely : 

The variation of the pa rame te r s  1- and I ,  related to the unstable operation 

When the supply voltage va r i e s  by f Av, the value of 1: can be determined 
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The temperature drift  a r d  the degradation of the peak cu r ren t  can be easily 
allowed for by using t h e  following relations: 
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V. V .  Y Z C Y ~ ~ V ,  A .  M .  Romanov and E .  V .  Myakinin 

A "PHOSWICH" FAST-NEUTRON SCINTILLATION 
DETECTOR 

In the measurements  of the fluxes and spectra  of f a s t  (1 - 10 M e V )  
neutrons in the upper atmosphere and beyond i t  scintillation counters of the 
"phoswich" type a r e  used. The compound scinti l lator in these detectors is 
made of mater ia ls  with different character is t ics  (fluorescence t imes,  etc . )  
and is viewed by one photomultiplier. We have compared different scinti l-  
l a to r s  containing stilbene or  an organic liquid in a thin (6 nim) plastic 
scintillator. L,iquid scinti l lators based on cy- methylnaphthalene, pseudocumol 
and phenylcyclohexane were manufactured at  the Research Institute of Single 
Crystals.  
c i rcui ts  and the same  F E U -  53 photomultiplier. 

of the fast  and slow components of the light pulses for  proton and electron 
recoi ls  was used. 
which compares  the pulses f rom the anode and the l a s t  dynode. 
par t ic les  which pass  through the plastic into the inner scinti l lator produce 
a pulse exceeding the upper threshold of the differential discriminator in the 
chain of the eleventh dynode of the photomultiplier. 
thresholds were se t  according to the rat io  of the light yields f rom protons 
and electrons in stilbene and liquid scinti l lators.  
Po-Be and Pu-Be were used for  calibration. 
differential analyzer (after delay) together with the pulses f rom the "n- 7 ' '  
channel a r e  fed to a coincidence circuit  (in the counting mode) o r  to a 
l inear t ransmit ter  (in the spectroscopic mode). 

In measurements  with "phoswich" scinti l lators with an inner 
scintillator of 30 mm thickness the efficiency achieved w a s  8 - 10% for  
E =  4.53IeV and 5.5- 6.5% for E = 14hIeV with the discrimination coefficient 
for Co60 photons of (2 - 4 ) .  

an organic crystal .  
that is important in measurements  of weak fluxes, especially with a n  
increase of the upper l imit  of neutron energies .  
scinti l lators phenylcyclohexane is the best  choice, since no glass  container 
is required.  
participated in the measurements.  

The comparisons were performed with the same  electronic 

For the separation of neutrons from photons the difference in the rat ios  

r h i s  is achieved in the "n--y" channel by a circuit  
Charged 

The discriminator 

Sources of C S ' ~ ~ ,  Co60, 
The pulses f rom the 

The conclusion was that as an inner scintillator a liquid is preferable to 
The dimensions of the fo rmer  a r e  not limited, a fact 

Among the liquid 

L. E. Grudskaya f rom the Research Institute of Single Crystals  
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S. V .  Golenetskii,  V .  N. I l ' inski i ,  R .  L.  Ap tekar ' ,  
Yu. A .  Guy'yan,  E .  P.  Mazets ,  V .  N .  Panov and 
T .  V .  Kharitonova 

MULTICHANNEL GAMMA SPECTROMETER FOR 
COSMIC- R A  Y INVESTIGATIONS 

A multichannel spectrometer  for  investigating photons in the energy 
range f rom 0.3 to 2.5MeV and intended to be used in satell i tes is described. 
The spectrometer  separates  the photons from the charged -particle back- 
ground, controls this background, r eco rds  detailed photon spectra  and also 
r eco rds  frequently the photon intensit ies under conditions of rapidly varying 
the counting r a t e s  along the orbit .  

The spectrometer  is composed of a scintillation detector of the "fosvich" 
type, a 64 -channel pulse -height analyzer,  a two-channel differential 
analyzer,  a charged -particle accumulator and other devices for  the 
logical processing of the information on board and i t s  t ransmission into 
the te lemetr ic  channels. 
'I Cosmos - 1 3 5 'I and ' Cosmos - 1 6 3 " sat  e llit  e s . ::I 
part ic les  was performed by a circui t  with a resonant loop and a tunnel diode. 
The photomultiplier w a s  fed by a n  economical high-voltage converter  with 
multiple multiplication of the voltage and temperature  compensation. The 
differential analyzer was used to investigate the intensity distribution of the 
gamma radiation in the energy intervals f rom 0.4 to 0.6 and from 0.6 to 
2.5MeV. In the multichannel analyzer the memory is of the dynamical type 
utilizing an ultrasonic delay l ine.  The storage of the pulse-height informa- 
tion before i t s  t ransfer  to the memory in a digital form,  and also the 
generation of the channel pulses by dividing a s e r i e s  of gating pulses ensure 
a stable operation of the analyzer over  a wide temperature  range. 
capacity of the analyzer channels w a s  211, the nonlinearity of the scale  did 
not exceed 1%, the average dead t ime was 2.8psec and did not depend upon 
the spectrum shape. 

continuously observing the 0.511 -MeV line in the spectrum. 

This spectrometer  was mounted in the 

The separation of the scinti l lator pulses f rom photons and charged 

The 

The stability of the spectrometer  was checked during flight by 

* K o n s t a n t i n o v ,  B.P.. and R.L. A p t e k a r ' ,  et al., Present collection, Part 1. 
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R . S .  Zavel'skii 

ABSOLUTE AGE DETERMINATION BY THE 
RADIOACTIVE CARBON METHOD 

1. PRINCIPLES O F  THE METHOD 

Radioactive carbon is produced on ear th  by cosmic -ray neutrons inter  - 
A living organism is in a state of acting with nitrogen in the atmosphere.  

continuous exchange with the surroundings. 
activity of carbon in the organism has  to be equal to the specific activity 
of carbon in the ambient medium. 
exponentially. 
equal 

Therefore,  the specific 

A radioactive mater ia l  decays 
Therefore,  the specific activity in a sample a t  t ime t will 

F r o m  this  expression the absolute age of the sample can be determined 
f rom i t s  time of death to the t ime of the measurement:  

where J, is the initial specific activity of the carbon sample; Jt is the 
specific activity of the carbon sample a t  time t and 1 = 1.2446 . 
is the decay constant of C'*. 

It turned out that within measurement  e r r d r s  the determination of the 
absolute age does not depend upon the geomagnetic latitude of the sample 
origins or upon their  alt i tudes above sea level, which points to a fa i r ly  
rapid averaging due to  the mixing of the atmosphere.  
found that when the slight difference between the initial specific activit ies 
of above -ground and sea organisms is considered, the r e su l t s  of radioactive 
carbon dating a r e  independent of the sample type. Finally, when comparing 
ages  as determined by carbon dating with absolute ages  known f rom his tor ic  
facts  or t r ee  rings,  the r e su l t s  ag ree  well within experimental  e r r o r s .  
the bas i s  of these r e su l t s  Libby /1/ concluded the validity of the assumptions 
put forward by him / 2 /  and which fo rm the basis  of the radiocarbon dating 
method: 

1. 
the neutron flux and, accordingly, the specific activity of carbon in the 
atmosphere have been constant for  a t  least  over  the l a s t  s eve ra l  tens  of 
thousands of years .  

(yr-') 

In addition i t  was 

On 

The intensity of the cosmic radiation near  the ear th ,  the intensity of 
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2. 

3 .  

The specific activity of carbon in a living organism of a given type 
is equal and constant, and is thus a "universal" constant of living matter .  

After the death of the organism the specific activity of carbon in  i t  
decays exponentially. Therefore,  this method provides the possibility of 
determining the absolute age of organic samples.  

2 .  RIEASURENIENT TECHNIQUE 

In the f i r s t  s tages  of development of the carbon dating method mesh-  
walled counters operating as Geiger counters were used. La ter  gas  -filled 

proportional counters were  employed 
successfully. The fur ther  improve- 
ment in the measuring sys tems which 
increased the reproducibility of the 
resul ts  w a s  achieved by using liquid 
scinti l lators with photomultipliers. 
At present,  gas-fi l led counters a r e  
used in  carbon dating sys tems,  when 
the amount of the initial mater ia l  is 
limited; when there  a r e  no limitations, 

c- -J scinti l lators a r e  used. 
A -2 A typical carbon dating system is 

shown in Figure 1. 
photomultipliers and cathode followers 
a r e  placed inside a metal  container 

The cuvette, 
FIGLIRE 1. (Lirbon dating syctrm wiih two photo- 
multipliers in coincidence: 

C- cuvette with the working solution; Phl-1,  
P~1-2-photoinui t ipl iere;  (3-1, CF-2- cathode system. In o rde r  to reduce the back- 

and se rve  a s  the detector of the 

followers; PS-11, PS-22 - power supplies; A - 1 ,  
A - 2  - airiplifiers; IID-1, DD-2 - differential 
discriminators; (:C - coincidcnce circuit; 
I1 - recorder. 

ground the detector is placed inside a 
massive shielding of lead and 
mercury .  The differential d i sc r imi -  
nators eliminate low -level noise 
signals and those pulses produced by 

the cosmic radiation which a r e  bigger than the pulses corresponding to the 
maximum energy of the CI4 P-spectrum. Owing to i t s  time selection of 
pulses the coincidence circuit  reduces the background once again. 
a favorable ratio of counts f rom the sample to the background is achieved. 
Thus, for example, in the carbon dating system of the USSR Academy of Sciences 
/ 3/ with a 24-ml ruvette the counting f rom a standard sample is 120  min-'while 
the background is 6 min-'. 
determined by such a system is 50,000 yea r s .  Fur ther  improvement of the 
scintillation carbon dating system came not only af ter  the improvement of 
the counting parameters ,  but a lso af ter  the measurement  possibil i t ies were 
increased. 
which the counting is performed simultaneously in two regions of the energy 
spectrum: the working region and a control region (Figure 2) .  The working 
region corresponds to the energy spectrum of radioactive carbon, and the 
control region lies above the maximum energy of C14 P-decay. Such a setup 
enables u s  to determine whether there a r e  other radioactive ma te r i a l s  in the 
sample, and a l so  to control the background while the sample is being 
measured /5  f .  

Finally, 

Consequently, the maximum age that can be 

We haye developed a two-channel carbon dating sys tem 141, in 
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FIGURE 2. 
carbon dating systeni: 

C - cuvette with working solution; P h l - I ,  
PhI -2  - photoniul tipliers; CF-? , CF-2 - 
cathodc followers; PS-11, PS-22 - powcr 
supplies; A - 1 ,  A - 2  - aiiiplifiers; Ill)-CC-I, 
DD -CC -2 - control -channel discriminators ; 
I IU-WC-1,  DII-WC-2 - working channrl 
discriminators; CC-CC - control -channt,l 
coincidence circuit; CC-WC - working- 
channc.1 coincidrncc circuit; R-CC, 
R - W C  - control- and working-chdnncl 
recorders. 

Block diagram of a two-channel FIGURE 3. The "intrinsic" in.), 
insuulnental (6apd  and total (6st. toJ 

relative errors of determining the 
activity of a standard sample as a 
function of the ineasure~i~rn t  time. 

Let u s  consider the problem of improving the measurement  accuracy. 
In carbon dating measurements  i t  is generally assumed that the experimental  
quantities obtained in repeated nieasurenients of a given sample obey 
Poisson s ta t is t ics .  
nuclei is sufficiently large,  their  half-life by far exceeds the duration of a 
s e r i e s  of measurements ,  the counting yields only positive integral  values, 
and events belonging to  nonoverlapping time intervals a r e  statist ically 
independent. 
distribution 161.  
concerned, they will be described by a Poisson distribution only i f  the 
instrumental  distortions can be neglected. 

result  dec reases  inversely proportional to the square root of the measure - 
rlicnt t ime. However, the instrumental  distortions a r e  continuously 
accumulated and increased.  Therefore,  when increasing the measurement 
t ime, a point is reached where the systematic e r r o r s  a r e  of the same  o rde r  
of magnitude a s  the statist ical  e r r o r s .  
still  fur ther ,  the systematic e r r o r s  become l a r g e r  than the statist ical  
e r r o r s  (Figure 3). 
can be used, which for a l a rge  enough number of measurements  approaches 
the nornial  distribution 1 7 1 .  
instability coefficient of the apparatus,  which is the relative instrumental  
e r r o r  accuniulated during a standard period of t ime, for example, one hour.  
From this value the nieasuring time during which the systematic e r r o r s  are 
sti l l  negligible can be determined, and also the corresponding measurement 
e r ro r .  

Since in such measurements  the number of radioactive 

Consequently, there can be no objections to using the Poisson 
As  far a s  the experimental values of such a quantity a r e  

When increasing the measurement time, the relative Poisson e r r o r  of the 

If the measurement t ime is increased 

In such a case  the more  general  binomial distribution 

Appropriate calculations can determine the 

The f i r s t  quantity is the optimal measurement time (topt). while the 
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second is the limiting precision of the system (dl i ln  ) (Figure 3).  
easily seen that measuring af ter  the optimal t ime does not improve the 
precision a t  f i r s t ,  and la ter  makes i t  even worse.  
the relative e r r o r  below the limiting precision seve ra l  series of measure - 
ments are ca r r i ed  out each for  a duration topl and after each se t  of 
measurements  a recalibration of the system is performed. 
of 1 measurements  of equal duration the relative e r r o r  is fi t imes  sma l l e r  
than the limiting e r r o r .  
efficient of a carbon dating system enables u s  to determine i t s  suitability 
for a given problem, to choose the necessary number of measurements  
and their duration and, finally, to obtain the. smallest  possible e r r o r  1 8 1 .  

It can be 

In o r d e r  to dec rease  

In a s e r i e s  

Thus, the determination of the instability c o -  

3 .  IMPROVEMENTS IN T H E  METHOD 

During the fur ther  development of the carbon dating method i t  turned 
out that the basic assumptions made by Libby a r e  satisfied only approxi- 
mately and have to be rendered more precise .  
carbon in the atmosphere and other r e s e r v o i r s  has  varied slightly in the 
past .  

neutrons with nitrogen nuclei in the e a r t h ' s  a tmosphere.  

The specific activity of 

This is explained by a l a rge  number of r easons .  
The production of CL4 on ea r th  is mainly due to nuclear react ions of 

The neutrons in 

FIGURE 4. 
activiry in the past: 

1 - periodic variation in the concentration of C" 
related to the solar activity; 2 - variations due to 
the effects of nuclear rem;  3 - variations due lo  
the so-called industrial effect. 

Relative variation of the specific carbon 

the attnosphere a r e  secondary 
par t ic les  produced by p r imary  cosmic 
radiation. The cosmic -radiation 
intensity incident upon the ear th ,  
and consequently, the specific 
carbon activity, vary with the 
solar  activity / 9, 10, 1 1 / .  The 
variation in the specific activity due 
to this effect is 1-270 (Figure 4, 
curve l ) ,  which corresponds to an 
e r r o r  of 80- 160 in the age deter-  
mined by carbon dating. This e r r o r  
is obvious if  the variation of the 
initial specific carbon activity is not 
allowed for .  

carbon in the e a r t h ' s  biosphere l i e s  
in the tes t  blasts  of nuclear and 
especially thermonuclear weapons. 
The contamination of the atmosphere 
by radioactive carbon f rom nuclear 
t e s t s  has  a global cha rac t e r .  
magnitude of this effect  reached 90% 
of the average specific carbon activi-  
ty during the period p r io r  to the 
blasts  1121. However, at present,  
due to the tes t  ban in the atmosphere 
the nuclear effect tends to dec rease .  

An additional source of radioactive 

The 

189 

1 



Since nuclear t e s t s  s tar ted only 2 5  y e a r s  ago, they have no effect upon the 
age determination of older samples  (Figure 4, curve 2) .  

Another cause for  the variations in the concentration of radioactive 
carbon in  the biosphere is due to the dilution of the natural  carbon isotope 
mixture by stable isotopes. This dilution is caused by the industrial  d i s -  
charge of carbon dioxide into the atmosphere,  and also by the volcanic 
activity of the ear th .  
close t o  big ci t ies  and in  zones of active volcanoes local effects are a l so  
observed 1131. The magnitude of the industrial  effect (or, as i t  is often 
called, the Suess effect) and i t s  t ime dependence a r e  known (Figure 4, 
curve 3) .  
plays no role  in  the carbon dating of samples  older than this  age. 

f rom one carbon-containing r e s e r v o i r  into another, and the relative 
amounts of the various isotopes change. 
the interface between two media having different permeabili t ies for  light 
and heavy isotopes 1141. 
percent 1151, which can cause an e r r o r  of several  hundreds of y e a r s  in 
the age as determined by carbon dating. 
of the different carbon isotopes has  shown that the change in the r a t io  
C14/C12 is higher by about a factor of two than the change in the rat io  
C13/C12. By measuring independently the relative concentration of the 
stable isotopes C13/C' (e.g., by a m a s s  spectrometer) ,  the change in the 
relative concentration of C'4/C'2 in a given sample can be determined and 
the appropriate correct ion f o r  the age can be made. 

This phenomenon has  a global character .  However, 

Since i t s  influence s t a r t ed  only about 130 y e a r s  ago, this  effect 

The fractionation of carbon isotopes occur s  when the carbon goes over  

The fractionation is caused by 

The fractionation coefficient can reach several  

The study of the fractionation 

4. LIMITS OF THE METHOD 

The lower l imit  of the carbon dating method is the ze ro  age.  The upper 
age l imit  of the carbon dating method has  been raised several  t imes during 
the l a s t  10- 15 y e a r s  and a t  present  in most carbon dating laborator ies  
constitutes 40,000- 50,000 y e a r s .  However, in several  ca ses  the absolute 
age of samples  w a s  determined to be 60,000- 70,000 y e a r s .  
age that can be determined by a given system with sufficiently high 
accuracy and reliability depends upon i t s  pa rame te r s  and is the experimental  
upper age l imit  of that system. 
age l imit  of the carbon dating method which can be determined from the 
following considerations 1161. 
of organic origin by the carbon dating method, only the decay of that radio-  
active carbon that entered the organism f rom the surrounding medium is 
considered. However, due to neutron interactions with nitrogen and carbon 
nuclei in the given organism there  is production of a small  amount of 

This radioactive carbon is produced inside 
the organism both during i t s  life a s  well a s  af ter  i t s  death. After the death 
of the organism the amount of radioactive carbon of external origin 
continuously decreases ,  while the amount of radioactive carbon produced in 
the organism continuously inc reases  (Figure 5). 

The maximum 

However, there  exis ts  a fundamental upper 

When measuring the absolute age of samples  

11. inherent" radioactive carbon. 
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FIGURE 5. 
of time: 

ires- residual activity; Jin - "inherent" activity; 
JeXp - experimentally measured activity; Jss - 
standard sample activity. 

Carbon activity in a sample as a function 

Samples whose absolute age is 30,000 - 50,000 y e a r s  are generally found 
a t  a depth of 10- 15 m.  
mainly by the neutron emission of minerals .  The neutron emission of 
minerals  var ies ,  depending upon their  composition, over  a fa i r ly  wide 
range : 

The neutron flux a t  a depth of 10 m is determined 

- 2  (0.14-1.44).10-3 n . c m  . s e c - '  /17, 18/. 

When the residual specific activity of the carbon which the organism 
received from the outside reaches the same  o rde r  of magnitude a s  the 
specific activity of the carbon produced inside the organism, the precision 
of the age determination drops appreciably. 
activity of carbon becomes sma l l e r  than the internally produced activity, 
the sample ' s  age becomes indefinite. 
the chemical composition of the sample and i t s  neutron activity. 
average i t  is 90,000- 100,000 y e a r s  / 1 6 / .  

When the residual specific 

This l imit  can vary depending upon 
On the 

C O N C L U S I O N S  

The development of the carbon dating method has  lead to more  precise  
assumptions upon which the method is based, to a n  improvement in the 
measuring techniques and to an establishment of a fundamental upper age 
l imit .  

successful solution the reliability of the carbon dating method h a s  increased. 
As  a resul t  of the analysis of the var ious problems encountered and their  
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At present  the carbon dating method is one of the basic  methods of con- 
structing age scales for  investigations in archeology and quaternary 
geology. The carbon dating method makes possible the study of cer ta in  
cosmic  p rocesses  that occurred  in  the past .  
the coming y e a r s  a fur ther  development in  its range of applications. 

We can therefore  expect in  
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